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On the Origin of the Ascorbic Acid in the 
Aqueous Humour of Guinea-Pigs 
and Rabbits. 
By 
ERNST BARANY and MAURICE E. LANGHAM. 


Received 14 January 1955. 


The unsatisfactory state of our knowledge concerning the 
origin of the high concentration of ascorbic acid in the aqueous 
humour of many species has been pointed out by BELLows (1944) 
and Linn&r (1952) in reviews of the relevant literature. In rabbits, 
guinea-pigs and human beings it has been shown that a rise in the 
concentration of ascorbic acid in the plasma leads to an increase 
in the concentration in the aqueous humour to a ceiling level, 
even though the raised plasma level may be considerably below 
that of the aqueous humour (Kinsey 1947, Lanauam 1950, 
LinnéR 1952, 1954). Recently Linnér (1952) has suggested that 
the amount of ascorbic acid secreted into the aqueous humour 
in these species may be dependent on the quantity reaching the 
site of transfer in unit time, and has used this compound to esti- 
mate changes in the rate of flow of plasma through the ciliary 
processes in a manner analogous to the use of p-amino-hippuric 
acid in studies of renal function. 

To determine the absolute rate of flow of plasma by Linnér’s 
method it is necessary to know if ascorbic acid is synthesised 
within the globe. Furthermore, one has to know the nature of 
the substance in the plasma that later appears as ascorbic acid - 
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in the aqueous humour. In this respect the réle of the dehydro- 
ascorbic acid of the plasma is of interest for it has been suggested 
by MULLER and BuscHkeE (1934) that this substance is the im- 
mediate source in the plasma of the ascorbic acid in the aqueous 
humour. 

In the present study a more specific method for the determina- 
tion of ascorbic acid in the plasma than used by previous investi- 
gators in the field has been applied. It has been used to investigate 
the relation between the concentrations of ascorbic acid in the 
plasma and aqueous humour of the guinea-pig and rabbit and the 
possible synthesis of ascorbic acid in the eye. Further, an attempt 
has been made to assess the relative importance of ascorbic and 
dehydro-ascorbic acids as precursors in the mechanism of transfer. 


Methods. 


Experimental. 


Guinea-pigs of each sex, weighing 300—700 g, were used. They were 
kept on a normal diet of hay, crushed oats, turnips and water ad lib. 
In some cases freshly cut grass was added. In other experiments a 
scorbutogenic diet was used: 4.5 parts wheat bran, 2.5 parts crushed 
oats and 13.0 parts of dried whole milk. This mixture was heated for 
2 hours at 110°C in shallow pans with free access of air. The diet pro- 
duces virtual depletion of the ascorbic acid stores in one week. The 
rabbits used were adults of each sex, weighing 1.9—2.6 kg and kept 
on Diet 18 pellets (Associated London Flour Millers), water ad lib. and 
hay once a week. All experiments were made on conscious animals, 
blood samples being obtained by heart puncture with coarse needles 
mounted on all-glass syringes moistened with a solution of heparin 
in normal saline. The blood was run into chilled centrifuge tubes and 
spun for 7 to 15 minutes. Aqueous humour was removed following 
paracentesis of the anterior chamber under local anaesthesia with 
lidocaine or pantocaine. 

The maximal accumulation of ascorbic acid in the aqueous humour was 
studied using an injection technique. Conscious guinea-pigs were sub- 
jected to a continuous subcutaneous infusion of a partially neutralised 
(pH 5.5) isotonic solution of ascorbic acid for 6 hours, the plasma level 
being kept well above that necessary to saturate the transfer mecha- 
nism but below the concentration in the aqueous humour. A period of 
six hours is sufficient to allow a steady state to be reached in the 
aqueous humour to within a few per cent. The technique was varied for 
rabbits in that injections were made subcutaneously at intervals of 
30 minutes for a period of 6 hours. This procedure also resulted in a 
steady state in the aqueous humour provided the fluctuating concen- 
tration of ascorbic acid in the plasma remained above the minimum 
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necessary for saturation and never rose above that in the aqueous 
humour. 

Analytical. The volume of the aqueous humour in the guinea-pig 
was approximately 40 wl and samples were transferred directly into 
weighed tubes containing 200 wl of a 5 per cent (w/v) solution of meta- 
phosphoric acid. The quantity of aqueous humour was then determined 
by weight difference and the ascorbic acid estimated with 2,6 dichloro- 
phenol-indophenol, the titration being completed within 30 sec. The 
volume of the aqueous humour of the rabbit is approximately 250 wl. 
200 wl were pipetted into 200 ul of a solution containing 8 per cent 
trichloroacetic acid (w/v) and 1.5 per cent metaphosphoric acid (w/v) 
and centrifuged. The ascorbic acid in the supernatant solution was 
then titrated with 2,6 dichlorophenol-indophenol in a citrate phosphate 
buffer adjusted to pH 4.0. Control experiments showed that the pres- 
ence of up to 25 mg/100 ml of dehydroascorbic acid did not interfere 
with the method. 

Analysis of the concentrations of ascorbic (AA), dehydro-ascorbic 
(DHA) and diketogulonic (DKG) acids in the plasma was made by the 
modification of the osazone technique of Roz, MILLs, OESTERLING and 
Damron (1948) described by HeaLp and Lancuam (1955). The high 
specificity of the osazone method has been demonstrated by RoE and 
KvuETHER (1943). 

Estimations of ascorbic acid in the aqueous humour of the rabbit 
by the osazone and titrimetric procedures agreed within 5 per cent, 
but marked differences were found in the aqueous humour of scorbutic 
guinea-pigs. In 23 eyes of 18 animals which had keen kept on the scor- 
butogenic diet for 7 days an apparent concentration of 4.1 + 0.3 mg/ 
100 ml (Arithmetic mean + standard error) was found by the titra- 
tion method whilst in other animals treated identically the osazone 
methoc showed a complete absence of Vitamin C. The sensitivity of the 
osazor® method was such that concentrations of 1 mg/100 ml would 
readily have been detected. In similar experiments on the plasma of 
guinea-pigs nearly or completely scorbutic, the titration procedure was 
found consistently to show 0.5—1 mg/100 ml more ascorbic acid pres- 
ent in the plasma than indicated by the osazone reaction. 

One limitation of the osazone method was found in studies on scor- 
butic guinea-pigs receiving high doses of dehydro-ascorbic acid. Experi- 
ments with AA added to each sample of plasma analysed showed a 
decrease in its recovery with increase in concentration of DHA and 
its degradation products in the sample. On the other hand, AA added 
to rabbit plasma was fully recovered. A further difficulty is that the 
values obtained for DHA, owing to its lability, tend to be low. 

With a concentration of 1 mg/100 ml of AA in the plasma an ex- 
tinction of 0.10 was obtained at 540 my in a cuvette with a 3 em light 
path. Readings were made on a Unicam S8.P. 501 spectrophotometer 
or a Zeiss-Opton Elko-II. 

The dehydro-ascorbic acid used was a pure preparation containing 
1 mole of methyl alcohol of crystallisation (dehydro-l-ascorbic acid 
monomethanolate). It was kept at 4°C in a desiccator over silica gel. 
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Results. 


The plasma-aqueous humour relation in guinea-pigs and rabbits. 
To obtain the full range of concentrations of ascorbic acid in the 
aqueous humour and plasma some guinea pigs were put on a 
normal] diet, some on a scorbutogenic diet and some were given 
307 
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Fig. 1. The concentration of ascorbic acid in the plasma and aqueous humour of 
the guinea-pig in conditions of steady state. 


Abscissa: plasma concentration, ordinate: aqueous concentration, both in mg/100 
ml. Each point represents the mean of the two eyes. Filled in circles are from un- 
treated animals while the open circles are from animals given AA. The horizontal 
line is the mean concentration of ascorbic acid in the aqueous humour when the 
transfer mechanism is saturated (see text). 


ascorbic acid subcutaneously or orally at least 16 hours preceding 
the experiment. 

The relation of the concentration of ascorbic acid in the aqueous 
humour of the guinea-pig to that in the plasma is recorded in 
Fig. 1. There appears to be no difference between results obtained 
with animals previously made scorbutic and then given AA, 
and those obtained with animals on a normal diet. If the 40 points 
corresponding to concentrations of ascorbic acid in the plasma 
between zero and 0.5 mg AA/100 ml are treated as a group and a 
straight line fitted by the method of least squares the following 
equation is obtained: 
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C,, = 5.6 + 25.8 x C,, 
where C,, and C,, represent the concentration in mg AA/100 ml. 
The equation indicates the presence of some ascorbic acid in the 
aqueous humour even when its concentration in the plasma is 
zero. This may be explained by the lack of specificity of the 
titrimetric method, already mentioned under ‘Methods’. A further 
possible factor contributing to a positive intercept on the ordinate 
is a curvature towards the abscissa. 

In a group of 9 scorbutic guinea-pigs the concentration of AA 
in the plasma was raised to about 9 mg/100 ml for six hours. 
At the end of this period the concentration of AA in the aqueous 
humour was 24.6 + 1.3 mg/100 ml. This is slightly less than the 
figure found by Linn&R (1952) in the control eyes of guinea-pigs 
with one carotid ligated or one cervical sympathetic cut, but the 
difference is not significant. The straight line discussed in the 
preceding paragraph reaches the plateau value of 24.6 mg/100 ml 
in the aqueous humour at a value close to 0.8 mg/100 ml in the 
plasma. Because of the gradual change from the rising to the flat 
part of the curve relating C,, and C,,, saturation of the transport 
mechanism will need somewhat more than 0.8 mg/100 ml in the 
plasma. 

The presence of dehydro-ascorbic acid in the plasma of norma) 
guinea-pigs was demonstrated in a separate series of experiments. 
In 23 animals with a mean concentration of 11.4 + 1.2 mg AA/100 
ml of aqueous humour, 0.09 + 0.01 mg of DHA/100 ml of plasma 
was found. 

The concentration of AA in the aqueous humour of the rabbit 
and those of AA, DHA and DKG in the plasma are shown in Table 
1. There is a low correlation between plasma DHA and AA, 1 
being + 0.4. The regression line is C,,;, = 0.11 + 0.14 C,, where 
the concentrations are in mg/100 ml. The relation between the 
concentrations of ascorbic acid in the aqueous humour and in the 
plasma is recorded in Fig. 2. At the lower end of the range of 
plasma concentrations, the concentration of AA in the aqueous 
humour dropped to approximately 14 mg/100 ml, whilst, with 
an increase in concentration of AA in the plasma to approximately 
2 mg/100 ml the concentration of AA in the aqueous humour 
rose to the “saturation” level. In separate experiments the value 
of this upper limit was determined by raising the concentration 
of AA in the plasma to between 5 and 10 mg/100 ml for six hours, 
a final concentration of 67.5 + 2.1 mg/100 ml of AA in the aque- 
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Table 1. 


The concentration of ascorbic acid in the aqueous humour together with 

the corresponding concentration of ascorbic, dehydro-ascorbic and diketo- 

gulonic acids found in the plasma obtained by cardiac puncture in normal 
rabbits. Concentrations are expressed as mg/100 ml. 


Body weight kg Plowa Ploxc Mean Aq. 
| 
0.26 0.15 0.08 21.4 
0.36 0.17 0.22 27.5 
on 1:33 0.38 0.17 49.6 
0.33 0.34 0.09 | 27.3 
0.39 0.18 0.26 35.6 
0.99 0.30 0.24 | 43.7 
0.28 0.20 0.15 | 25.9 
0.77 0.44 0.27 35.9 
0.08 0.07 0.03 } 16.9 
0.62 0.14 0.25 34.6 
2.2 0.86 0.07 0.14 43.9 


ous humour being recorded in a series of 30 rabbits. The data are 
not sufficient to decide within narrow limits where saturation 
occurs but from Fig. 2 it seems that plasma values above 3.0 
mg/100 ml are likely to saturate the transfer mechanism. There 
is no way of depleting the plasma of the living rabbit of AA and 
it has not been possible to determine whether there is a residue of 
AA in the aqueous humour at zero plasma level. Consequently 
the possibility that some of the AA found in the aqueous humour 
may be synthesised locally within the globe cannot be excluded. 

Animals injected with dehydro-ascorbic acid. The results reported 
in the previous section indicate the concentration of AA in the 
aqueous humour for various concentrations of AA in the plasma. 
In these experiments no effort was made to upset the ratio of the 
concentration of DHA to AA in the blood. These results will now 
be used as controls in an attempt to answer the question whether, 
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in animals where the DHA/AA ratio of the plasma is increased, 
there is under conditions of steady state more AA in the aqueous 
than would be expected from the level of plasma AA. Such would 
be the case if the eye could take up DHA from the plasma and 
convert it into AA. 
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Fig. 2. The concentration of ascorbic acid in the plasma and aqueous humour of 
the rabbit in conditions of steady state. 


Abscissa: plasma concentration, ordinate: aqueous concentration, both in mg/100 
ml. Each point represents the mean of the two eyes. The horizontal line is the mean 
concentration of ascorbic acid in the aqueous humour when the transfer mechanism 
is saturated (see text). 


Plasma AA after repeated injections of DHA. To cause a sub- 
stantial increase in the DHA/AA ratio of the plasma, scorbutic 
guinea-pigs were given DHA subcutaneously. Because of the 
lability of DHA in aqueous solution and the observation in initial 
experiments that a subcutaneous infusion of a solution of DHA 
led to no appreciable change in the concentration of AA in the 
plasma it was decided to inject freshly prepared solutions of DHA 
at hourly intervals. Fig. 3 shows the plasma concentrations of AA 
resulting from the subcutaneous injection of 50 mg DHA/kg 
body weight followed at hourly intervals by further injections 
of 25 mg/kg. The twenty points comprising the curve were ob- 
tained from 41 animals, each of which yielded enough plasma for 
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only one sample. The points of the curve are therefore means 
derived from two, or at most three animals. In spite of the extra 
variation caused by differences between the animals the curve 
shows that the injection of single doses of DHA causes but tran- 
sient changes in the plasma AA and that very large amounts of 
DHA have to be injected to cause a sustained rise. The trend of 
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Fig. 3. Average concentration of ascorbic acid in the plasma of scorbutic guinea- 
pigs given dehydro-ascorbic acid subcutaneously once hourly. 


Abscissa: time in minutes after injection of the first dose, ordinate: plasma con- 
centration in mg/100 ml. The first dose was 50 mg/kg body weight, subsequent 
doses were 25 mg/kg. Data from experiments on 41 animals. 


the curve also suggests that even an infusion at constant rate 
would not have given rise to a flat plasma curve but to one with 
a steadily increasing slope. The failure of the curve to level off 
occurred more dramatically in a strictly corresponding series of 
experiments where twice the amount of DHA was injected: the 
general shape of the curve was the same but the plasma concen- 
tration of AA rose suddenly to 4 mg/100 ml at 210 minutes. The 
probable explanation of these findings is that the tissues are com- 
pletely unsaturated at the start of the experiment and take up 
AA very avidly from the plasma against a concentration gradient 
(as evident, for instance, in the tables of PENNEY and Zitva 1946), 
while towards the end of the experimental period the tissues have 
become saturated. In other words, the apparent distribution 
volume of AA decreases with increasing tissue saturation. 

In order to obtain steady state conditions it would have been 
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desirable to arrange an experiment where a constant plasma level 
of AA was maintained in animals with an increased DHA/AA 
ratio. This was not found possible however, because of the failure 
of the concentration of AA in the plasma to attain a constant 
level. This failure was most marked in guinea-pigs. It has there- 
fore been necessary in this species to derive mathematically from 
the observed data an ‘equivalent steady’ plasma concentration 
of AA. 

If the concentration C,, of a substance in the plasma has fol- 
lowed a given course, it will result in a certain concentration in the 
aqueous humour. The same concentration in the aqueous humour 
could, however, have been obtained by maintaining a constant 
concentration of the substance in the plasma for an infinite time. 
This ‘equivalent steady’ plasma level E,,, is defined by the course 
of the plasma concentration curve, by the properties of the trans- 
fer mechanism and, as a first approximation, by the rate of turn- 
over k,,,, of the substance in the anterior chamber. This is only 
an approximation since the eye is a multi-chamber system and 
cannot by described by a single time constant. At the present 
state of our knowledge it is the only possible approximation for 
the guinea-pig eye however. In the simplest case, that of propor- 
tionality between the steady state concentrations in the plasma 
and the aqueous humour, the following equation holds: 


In the case of ascorbic acid, the situation is more complex, 
because proportionality between plasma and aqueous concentra- 
tion ceases when the transfer mechanism begins to be saturated. 
It has therefore been necessary to adopt the following procedure 
in order to derive the ‘equivalent steady’ plasma level. 

In Fig. 4a, the plotted line represents the mean plasma con- 
centration of AA in guinea-pigs given repeated doses of DHA and 
the isolated point above it, C,, the plasma concentration of AA 
in a single animal given DHA according to the same time schedule. 
The assumption is now made that the curve for the concentration 
of AA in the plasma of this animal has been of the same shape as 
the mean curve, only differing in vertical scale by a factor of 
C./C,,, where C,, is the value of the mean plasma curve at that 
time. Fig. 4b shows the ‘assumed’ plasma curve leading up to the 
point found experimentally. The dotted curve is the mean plasma 
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curve and the dotted horizontal line represents that plasma level 
at which the transfer mechanism for AA is saturated. Plasma 
concentrations above this level are considered to have no more 
influence on the ascorbic acid content of the aqueous humour 
than those just reaching it. The ‘effective’ plasma curve therefore 
is obtained by clipping the highest crests of the ‘assumed’ curve 
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Fig. 4. Experimental and theoretical plasma curves. For interpretation see text. 


(Fig. 4c). The C,,-values from this ‘effective’ curve are finally 
used in the numerical integration of equation (1). 

In the treatment of our data it has been assumed that in all 
guinea-pigs saturation occurs suddenly at 0.8 mg AA/100 ml 
in the plasma and that below this level there is simple proportion- 
ality, in other words, that the relation between aqueous and 
plasma levels of AA in conditions of steady state has the form 
shown in Fig. 4d. The value 0.8 mg/100 ml is very probably 
somewhat too low but has been chosen because the error is un- 
favourable to our conclusions. The rate of turnover (k,,,,) of 
ascorbic acid in the anterior chamber of the guinea-pig eye has 
been taken as 1.4 per cent per minute, which is the average rate 
of flow of the aqueous humour found by BARANny (1951) in scor- 
butic animals on a similar diet. This value is not critical, because 
the long duration of the injection experiments makes the ‘equiv- 
alent steady’ plasma level very insensitive to k,,,.. Separate con- 
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trol experiments in rabbits with the p-amino-hippuric acid method 
showed that injections of DHA did not affect the rate of flow of 
the aqueous humour significantly. The numerical integration of 
equation (1) was done by the step-by-step procedure described 
by BArAny and WirtH (1954). This procedure assumes that the 
known points of the ‘effective’ plasma curve are joined by straight 
lines. 

Aqueous AA after injections of DHA. Sixty-eight scorbutic 
guinea-pigs were injected with DHA. In order to obtain a wide 
range of concentrations of DHA in the plasma, the animals were 
given fixed doses regardless of body weight. Preliminary experi- 
ments with dosages of 1—6 mg/hour resulted in too small a rise 
in the concentration of the AA in the aqueous humour. Finally, 
one of two schedules was adopted throughout, the initial dose 
being either 20 or 40 mg followed by four doses of either 10 or 20 
mg at hourly intervals. The blood and aqueous humour samples 
were removed 20—40 minutes after the last injection. 

The observed plasma concentrations were used for constructing 
‘assumed’ plasma curves as described above. Depending on the 
dosage received by the animal, either the mean plasma curve 
illustrated in Fig. 3 or one obtained with twice the dose of DHA 
was used. Because the samples were taken at different times after 
the last injection, their concentrations were not all compared 
with the same point of the mean plasma curve. This is an advan- 
tage since the comparison of the observed value with the cor- 
responding point of the mean curve fixes the level of the ‘assumed’ 
plasma curve. The ‘equivalent steady’ plasma levels were derived 
as described above. They were all lower than the observed values. 

Fig. 5 shows the results of the guinea-pig experiments. The 
concentration of AA in the aqueous humour of each animal has 
been plotted against the ‘equivalent steady’ plasma level of AA. 
For comparison, the regression line derived from part of the data 
of Fig. 1 is also shown. It is seen that the majority of the points 
fall below this line. This means that the DHA-injected guinea-pigs 
had less AA in their aqueous humour than one would have ex- 
pected from the concentration of AA in their plasma. 

In the rabbit, which cannot be depleted of AA, the tissues 
do not take up AA with the same avidity as in the scorbutic 
guinea-pig and the plasma concentration of AA resulting from 
repeated injections of DHA rose to a fairly steady value (Fig. 6). 
It was therefore unnecessary to calculate an ‘equivalent steady’ 
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T T T T T T 
0.2 0.4 0.6 0.8 1.0 
Fig. 5. The concentration of ascorbic acid in the aqueous humour of scorbutic 

guinea-pigs injected with dehydro-ascorbic acid. 
Abscissa: ‘equivalent steady’ plasma concentration of AA, ordinate: aqueous 
concentration, both in mg/100 ml. Each point is the mean of the two eyes of the 
same animal. The line in the figure is that derived for animals not given DHA. 
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60 120 180 240 300 360 
Fig. 6. The average concentration of ascorbic acid in the plasma of normal rabbits 
given 120 mg dehydro-ascorbic acid subcutaneously once hourly. 
Abscissa: time in minutes after the injection of the first dose, ordinate: plasma 


concentration in mg/100 ml. Each point represents a mean taken from at least 5 
rabbits. 
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level. In a few animals, however, the concentration of AA in the 
plasma rose in a similar manner to that observed in guinea-pigs 
and exceeded the concentration at which saturation occurs in the 
aqueous humour. These animals were discarded. 

The plasma and aqueous values shown in Fig. 7 were recorded 
from a series of animals one hour after the last injection of DHA 
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Fig. 7. The concentration of ascorbic acid in the aqueous humour of rabbits 
injected hourly with 120 mg of dehydro-ascorbic acid for five or six hours 


Abscissa: final plasma concentration of AA, ordinate: aqueous concentration, 
both in mg/100 ml. Each point represents the mean of the two eyes. Open circles 
are control animals, nd filled in circles the injected animals. 


and show that the concentration of AA in the aqueous humour 
does not differ markedly from that in control animals receiving 
no DHA and with a similar concentration of AA in the plasma. 

Despite the known lability of DHA in the body an increased 
DHA/AA ratio in the plasma was found even one hour after the 
last injection in 6 out of 9 animals (Table 2) and it is therefore 
clear that the concentration of DHA in the plasma was increased 
at least periodically in these experiments. We have no correspond- 
ing data for the guinea-pigs but have every reason to believe that 
the injection of massive doses of DHA increased the DHA/AA 
ratio in this species too. 
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Table 2. 


Steady state concentrations in plasma and aqueous humour (mg/100 ml) of 

rabbits after injection of DHA at hourly intervals. Column 5 indicates 

the plasma DHA predicted from the correlation found in normal plasma. 
The plasma samples were taken 1 hr. after the last injection. 


DHA | Pl | Pl 
Body | | Aq Aq, T,—T, 
weight kg Plas Ploxa IT, min. T, min. 
2:2 120 0.51 0.50 0.18 2.98 | 16.1 30.8 360 
2.2 120 0.55 0.29 0.19 3.95 | 15.6 35.1 360 
2.8 60 | 0.85 | 0.12 | 0.23 | 1.20 | 186 25.0 | 312 
2.2 60 0.31 | 0.06 | 0.15 0.27 19.6 | 27.9 307 
2.4 120 0.35 | 0.33 0.16 1.44 21.9 | 42.4 | 279 
2.6 120 | 0.24 | 0.76 0.14 2.89 16.3 | 43.1 295 
2.7 120 0.42 | 0.36 | 0.17 9:49 | 16.7 32.3 | 307 
2.0 120 | 2.07 | 0.67 | 0.40 3.79 | 15.8 | 65.8 | 305 
2.2 120 | 2.39 0.42 | 0.44 3.44 | 22.5 | 87.5 309 
Discussion. 


The object of the present investigation has been to study the 
relation between the concentration of ascorbic acid in the aqueous 
humour and the blood plasma of rabbits and guinea-pigs in con- 
ditions of steady state and further, to determine whether the 
accumulation of ascorbic acid in the aqueous humour of these 
species is due to an uptake of dehydro-ascorbic acid from the 
plasma. 

The concentration of ascorbic acid in the plasma of the guinea- 
pig found necessary to saturate the transport mechanism of the 
ciliary processes namely about 0.8 mg/100 ml is considerably 
lower than the 2 mg/100 ml. reported by Linnér (1952). Since 
however he used for the estimation of ascorbic acid the less 
specific 2,6 dichlorophenol-indophenol method this discrepancy 
cannot be considered significant. The plasma levels required to 
saturate the transport mechanism of the ciliary processes of 
rabbits confirm the observations of previous investigators (KINSEY 
1947; LancHaM 1950). However, although the maximal concen- 
tration of ascorbic acid in the aqueous humour of this species 
agrees with the observation of LANGHAM (1950) it is higher than 
that reported by KrnsEy (1947) and Linnér (1952). In the ex- 
periments of Krnsey, insufficient time was allowed for conditions 
of steady state to be reached; the lack of agreement with the 
results of LINNER however cannot be due to this cause but may 
well reflect differences in breed of rabbits. 
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It is generally accepted that no synthesis of ascorbic acid occurs 
in the tissues of the guinea-pig and the lack of evidence for any 
synthesis of ascorbic acid in the eye adds further corroboration 
to this conclusion. In rabbits our results indicate the presence of 
a concentration of 14 mg ascorbic acid /100 ml. of aqueous humour 
when the concentration in the plasma approaches zero. Whether 
this is due to a synthesis of ascorbic acid by the lens or is due to 
some other cause cannot be decided from the present data. 

Although the presence of dehydro-ascorbic acid in blood plasma 
has been a matter of dispute, recent work of Stewart, Horn 
and Rosson (1953) leaves little doubt that it is contained in 
human plasma. The present experiments show that it also occurs 
in the plasma of rabbits. In guinea-pigs, where added ascorbic 
acid was not always fully recovered, the evidence is less convincing 
since the dehydro-ascorbic acid found could have arisen in vitro. 

In the rabbit, the injection of dehydro-ascorbic acid resulted 
in no greater increase in the concentration of ascorbic acid in the 
aqueous humour than would be expected from the increase in 
the concentration of ascorbic acid in the plasma. For this species 
then, the present experiments have yielded no evidence that 
dehydro-ascorbic acid can be taken up by the eye and converted 
into ascorbic acid. The same conclusion was reached by KInsEY 
(1950) who conducted similar experiments but without attempting 
to establish steady state conditions. 

In the guinea-pig, the concentration of ascorbic acid in the 
aqueous humour following injection of dehydro-ascorbic acid 
was actually less than anticipated from the ascorbic acid concen- 
tration in the plasma. The mathematical treatment used to com- 
pare the injected and normal animals is based on a number of 
perhaps questionable assumptions. Nevertheless, it would seem 
probable that the injection of large amounts of dehydro-ascorbic 
acid does cause a depression of the transfer mechanism responsible 
for the accumulation of ascorbic acid in the aqueous humour of 
this species. 


Summary. 


1. The part played by the ascorbic and dehydro-ascorbic acids 
of the plasma in determining the concentration of ascorbic acid 
in the aqueous humour of rabbits and guinea-pigs has been in- 
vestigated using a modification of the Roe and Kuether method 
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for estimating ascorbic acid and its degradation products in the 
plasma. 

2. When the concentration of ascorbic acid in the plasma 
approaches zero it disappears from the aqueous humour of guinea- 
pigs while in rabbits there remains a residue in the aqueous 
humour of about 14 mg/100 ml at the lowest plasma level observed. 

3. With an increase in the concentration of ascorbic acid in 
the plasma, saturation of the transport mechanism of the ciliary 
processes occurs at about 0.8 mg/100 ml in guinea-pigs and at 
2—3 mg/100 ml in rabbits. Above these plasma levels steady 
state concentrations of 24.6 + 1.3 and 67.5 + 2.1 mg/100 ml of 
ascorbic acid in the aqueous humour were observed in the two 
species. 

4. The presence of a substance reacting like dehydro-ascorbic 
acid in the plasma of normal rabbits has been established, a low 
positive correlation (r = 0.4) existing between the concentrations 
in the plasma of ascorbic and dehydro-ascorbic acid. 

5. Repeated subcutaneous injections of dehydro-ascorbic acid 
into rabbits and guinea-pigs did not increase the ascorbic acid 
concentration in the aqueous humour above that corresponding 
to the prevailing concentration of ascorbic acid in the plasma. 
In guinea-pigs evidence was found for a depression of the transfer 
mechanism by high concentrations of dehydro-ascorbic acid or 
its degradation products. 

6. It is concluded that local synthesis of ascorbic acid in the 
eye does not occur in guinea-pigs but may exist in rabbits, and 
that the uptake of dehydro-ascorbic acid from the plasma by the 
ciliary processes is of little importance for the maintenance of the 
intraocular concentration of ascorbic acid. 
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Occurrence and Variation of Arginine Phosphate 
during Insect Metamorphosis. 
By 
INGA PETTERSSON. 


Received 15 January 1955. 


During the years 1947 to 1952 AGRELL has performed several 
investigations concerning the metabolic changes during insect 
metamorphosis (see AGRELL 1952). In connection with these in- 
vestigations the following work has been carried out in order to 
establish whether arginine phosphate is present in the insect 
pupa and in such case how its amount varies in relation to the 
developmental periods during metamorphosis. 


Material and Methods. 


The insect investigated was the fly Calliphora erythrocephala Meig. 
The imagines were given cane sugar, water, household yeast and raw 
horse meat, and the larvae as well as the pupae were kept at a tempera- 
ture of 22°C + 1°. The way in which the imagines, larvae and pupae 
were kept is thoroughly described by AGRELL (1947). The pupae which 
were collected 24 hours after all the larvae had become prepupae, were 
considered to have an average age of 12 hours. The age of 9'/, days 
was considered as 100 % development, as at this time half the sample 
of pupae had emerged. The age of 0 °% development was the very short 
period — about one hour — when the larval skin had hardened but 
had not become brown. The arginine phosphate content was measured 
in prepupae, in pupae 0, 12, 24 hours old and then every day thereafter 
until 100 % development was attained and finally in newly hatched 
imagines. 

The amount of arginine phosphate present in pupae can be measured 
if the “acid-soluble phosphate fraction’ which contains phosphagen is 
isolated from the trichloracetic extracts of the pupae, and the arginine 
content of this fraction is determined colorimetrically after hydrolysis. 


From the Department of Zoophysiology, University of Lund, Sweden. 
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Fig. 1. The variation of adenosine triphosphate, ATP, (from AGRELL 1952) 
and arginine phosphate, AP, during metamorphosis. P,; = the terminal phosphate 
group of ATP. 


The preparation of the extracts was carried out as follows: 20 pupae 
were washed and homogenated at 0°C and extracted in 3 ml 25 % tri- 
chloracetic acid for 2—3 minutes, an extraction method corresponding 
to that described by MEYERHOFER and LOHMANN (1928) when isolating 
arginine phosphate from Astacus muscle. The homogenate was mixed 
with solid barium hydroxide and brought to pH 9. The phosphates, 
whose barium salts are insoluble in water, were filtered away and the 
filtrate was made 60 °/ with regard to alcohol. In this alcoholic mixture 
the barium salts of some phosphates among them that of phosphagen, 
were precipitated (BaLpwin and NEEDHAM 1934). This precipitate 
was dissolved in water brought to pH 1—2 and the solution was then 
hydrolysed at 28°C over night. This hydrolysing method is said to be 
specific for arginine phosphate (BALDWIN and NEEDHAM 1934). Hydrol- 
ysis of the acidified extracts at 100°C for 15 minutes, however, gave 
values of arginine agreeing with those obtained when using the method 
first mentioned. For this reason the more rapid method was employed 
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Fig. 2. The variation of the total amount of arginine in relation to that of 
phosphagen arginine. AP = arginine phosphate. 


‘in most cases. The arginine content in the hydrolysed extracts was 
measured colorimetrically with Sackaguchi’s method for the determi- 
nation of arginine according to Bock and Bo.uine (1948). The meas- 
urements were carried out in the Hilger spectrophotometer at the 
wavelength of 4,900 A. 

In order to determine the variation of arginine phosphate content 
during pupal development three complete series were carried out; two 
of these are seen in figure 1. Reproducible results were obtained and 
these values were further established by series comprising only a part 
of the developmental period. 

In order to determine the total amount of arginine in pupae of differ- 
ent ages, the filtered trichloracetic acid extracts were hydrolysed at 
100°C for 15 minutes, whereafter they were measured in Hilger spectro- 
photometer as described above. The results are shown in figure 2. 

Attempts were made to determine the occurrence and variation of 
arginine phosphate during metamorphosis with the aid of paper chro- 
matography. Alcoholic extracts were prepared from pupae of the same 
ages as those used for the colorimetric determinations. The variation 
in colour intensity of the spots on a chromatogram series should indi- 
cate the variation of arginine phosphate during metamorphosis. The 
protein-free extracts were obtained by homogenizing 20 pupae at 0°C 
and extracting the homogenate in 4 ml 80 % alcohol. The elution 
medium was n-butanol/glacial acetic acid and the paper was Munktells 
OB or Whatmann Paper No. 1. Arginine hydrochloride, in a concen- 
tration corresponding to 0.02-M arginine, dissolved in 80 °% alcohol, 
was used as the test substance. From the pupal extracts an amount 
corresponding to 1 or 2 pupae was applied to each spot. From the test 
substance an amount corresponding to 40 y arginine was applied to 
each spot. The chromatograms were developed by spraying them with 
Sackaguchi’s reagent in order to obtain spots indicating arginine or, 
in order to obtain spots indicating phosphate, by spraying the papers 
according to Hanes and IsHerwoop (1949). 
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Results. 


The curves in figure 1 show the variation in arginine phos- 
phate during pupal development. The values are stated in 
y P/pupa, P being calculated as the equivalent amount of arginine 
found. As phosphagens are very easily hydrolysed, possibly some 
part of the arginine phosphate may have been destroyed during 
the preparation of the extracts. As the errors thus obtained are 
systematic, we can still see from the curves in question the varia- 
tion during development which was the aim of this investigation. 

Figure 2 shows the variation of the total amount of arginine 
in relation to that of phosphagen arginine. In this figure the 
values are stated in y arginine/pupa. 

The results obtained by the use of the chromatographic method 
indicate too a variation in phosphagen content during metamor- 
phosis. When developing the chromatograms with Sackaguchi’s 
reagent, arginine was indicated by red spots. The pupal extracts 
gave two such spots, one at the same level as the test substance, 
and one between this and the initial spot. The “upper arginine 
spot” was much fainter than that below. The lower one could 
with certainty be considered as identical with the free arginine 
occurring in the pupal extracts; the upper one was thought to 
be identical with arginine phosphate from reasons which will be 
discussed in the following. 

The arginine ran very slowly in the elution medium used and 
therefore no R,-values could be obtained as the elution medium 
had to run through the paper several hours after the border had 
been reached. This was necessary in order to get the two arginine 
spots separated from each other. 

The level of “the upper arginine spot” was calculated in relation 
to a yellow spot which was observed in each chromatogram of 
pupal extracts already before the paper had been dried. 

The following relation was found: 

= the distance from the 

upper arginine spot”’; 

1, _, = the distance from the 

initial spot to the 
“yellow spot’. 
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The average value for this relation from 37 chromatograms 


developed in accordance with Sackaguchi was found to be | 


0.145 + 0.004. 

For the lower arginine spot on the same chromatograms the 
placement was stated in relation to the yellow spot, and the 
corresponding average number for the 37 chromatograms was 
found to be 0.48 + 0.009. AGRELL (1949) found that the total 
amount of arginine in the pupa might occur as some easily hydro- 
lysable compound. 

When the chromatograms were developed according to HANnEs 
and IsHeRwoop for the detection of phosphate spots the following 
distance relation was determined: 


l;_»,,, = the distance from the 
(1 ) initial spot supposed 
to be identical with 
the arginine phos- 
phate. 


The average number for relation (1’) for the phosphate-devel- 
oped chromatograms was found to be 0.143 + 0.006. 

The colour intensity of this phosphate spot indicating organi- 
cally bound phosphate as well as that of “the upper arginine spot” 
showed a variation with the age of the pupae used for extracts, 
roughly agreeing with the variation of the arginine phosphate 
content found colorimetrically at corresponding ages. Thus for 
the following reasons “the upper arginine spot”’ should be iden- 
tical with arginine phosphate: 1. Agreement in level of “the upper 
arginine spot’? and one spot indicating organically bound phos- 
phate. 2. The concurrent variation in colour intensity of the above- 
mentioned spots during pupal development. 3. The fact that an 
approximate agreement was found in the variation of colour 
intensity of the spots mentioned above and the measured amounts 
of “phosphagen arginine” in pupae of different stages of develop- 
ment. 


Discussion. 


In insect muscle as in every tissue containing arginine or crea- 
tine phosphate there is an enzymatic equilibrium according to 
LoHMANN (1936): 
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A—P ~P ~P+ Ar(Cr) —A—P ~P+ Ar(Cr) ~P, 
where Ar = arginine 

~ = “high energy bond”. 

Cr = creatine. 


In processes where the energy connected with the terminal 
phosphate bond of ATP is called for, Lohmann’s equilibrium will 
move to the left, and the phosphagen is used up. 

AGRELL divides the metamorphosis of the fly Calliphora erythro- 
cephala into three periods viz. 1. Histolysis from the entrance 
of pupation until 30% of the total pupal age. 2. Histogenesis 
from 30 to 70 % development. 3. Differentiation from 70 % de- 
velopment until emerging. (AGRELL 1952.) 

During the period of prevailing histolysis the catabolic processes 
preponderate over the anabolic ones, and for this reason the energy 
requirement of the pupa is diminished and the ATP content 
increases. Until 15 % development this increase in ATP seems to 
be partly dependent upon the fact that at the entrance of pupa- 
tion the level of ATP is low and that of arginine phosphate is 
high. Lohmann’s equilibrium will move to the left. As histolysis 
proceeds energy is accumulated in the energy-rich phosphate 
bonds of ATP, and Lohmann’s reaction will again move to the 
right. 

The period or predominating histogenesis signifies that the 
anabolic processes begin to outweigh the catabolic ones: the 
energy requirement of the pupa is increased and the energy accu- 
mulated as the energy-rich phosphate bonds of ATP is consumed. 
Of special interest is the decrease in arginine phosphate between 
30 and 40 % of the developmental time. This decrease cannot be 
dependent upon muscular contractions as there are practically 
no muscles in the pupae during this time. The decrease in arginine 
phosphate is evidently dependent upon the fact that this energy 
reserve is required for the synthesizing processes. This is remark- 
able as the physiologic function of phosphagen is usually con- 
sidered to be the formation of an energy reserve for only a few 
kinds of very intensive energy manifestations, viz. muscle con- 
tractions and discharges in the electrical organs of certain fishes. 
It is seen from figure 1 (AGRELL 1952) how ATP decreases at the 
same rate during the whole histogenesis; arginine phosphate on 
the other hand, will decrease at a slower rate than ATP does 
between 40 and 60 % of metamorphosis. 
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At the entrance of differentiation, when requirement for energy 
is again diminished, ATP increases rapidly again but arginine 
phosphate does not increase considerably until the last part of 
differentiation. 

As the réle of arginine phosphate in the imago is the formation 
of an energy reserve for muscle contractions we have to consider 
the variation of arginine phosphate during pupal development in 
relation to muscular growth during metamorphosis. This growth 
begins at 30 % of the total pupal age (AGRELL 1952) and continues 
until the end of histogenesis, but a considerable increase in phos- 
phagen which is necessary for muscular contractions does not 
occur until 90 % of metamorphosis. Regarding the relation between 
muscular growth and a corresponding increase in those phosphate 
compounds which are necessary for contraction we may compare 
the insect metamorphosis with developing material of quite 
another kind, viz. muscle substance of chick embryos. HErr- 
MANN (1952) found a rapid increase in the contractile substance 
of chick embryo muscles between the fourteenth and sixteenth 
days of incubation but concerning the phosphates necessary for 
contraction — ATP and phosphagen — there was no considerable 
increase until after the twentieth day of incubation. Thus in the 
insect pupa as well as in the chick embryo a considerable increase 
in muscular substance precedes that of phosphates necessary for 
contractions. As is seen from figure 1, however, the ATP curve 
falls between 90 and 100 % development, at the same time when 
the curve representing arginine phosphate rises. A decrease in the 
total amount of ATP in the pupa, however, does not exclude an 
increase in the ATP content of the pupal muscles. Actually this 
must be the case as according to Lohmann an increase in phos- 
phagen is conditioned by an increase in ATP. 

In the prepupae the phosphagen content lies at a lower level 
than in pupae at 0 % of metamorphosis. This must depend upon 
the cessation of muscular contractions as the prepupae become 
pupae. The imagines have a-lower arginine phosphate content 
than pupae at 100% of the developmental time. This is to be 
expected as very intensive muscular contractions occur when the 
pupae emerge. 

The variation of arginine phosphate during metamorphosis 
shows a relation to that of the total amount of ATP in the pupa 
as long as up to 40 % of the developmental time. From this point 
of time, however, the arginine phosphate neither decreases during 
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histolysis nor increases during histogenesis at the same rate as 
does ATP. As long as there is practically no muscle substance 
Lohmann’s reaction will hold for the whole pupa but this will 
not be the case when muscular substance has been formed. 

The variation curve of arginine phosphate has the form of 
a shallow “U”, a form approximately agreeing with that of the 
curve representing labile phosphate (AGRELL 1952, figure 17). 
The variation curve for arginine varies in the same way as the 
tissue pH during metamorphosis. This is in agreement with Loh- 
mann, who found that phosphagen is synthesized from ATP 
when the pH is high. When the pH is low the reaction will be 
inverted. (LOHMANN 1936.) 


Summary. 


Arginine phosphate has been demonstrated not only in the 
imago but also in the prepupa and in the pupa of the fly Calliphora 
erythrocephala. 

With the aid of paper chromatography and colorimetric deter- 
minations the relative amount of phosphagen arginine during 
different stages from prepupa to imago has been followed. 

The variation found is discussed in relation to the energy 
metabolism during insect metamorphosis. 
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Changes in the Proteolytic Enzymes of the Yolk 
in the Developing Hen’s Egg. 
By 
HADAR EMANUELSSON. 


Received 15 January 1955. 


As is well known, in an early stage of the development of the 
chick embryo there is a separation of the embryo from the yolk 
and the embryo from then on is totally dependent for its nutri- 
tion on the yolk sac, through which all absorption of yolk and 
white is effected. The general opinion is that absorption is ar- 
ranged so that endodermal ceils of the yolk sac secrete digestive 
enzymes into the yolk and the cells then absorb the liquefied 
material and continue its digestion. Through the circulating blood 
the products are then carried to all parts of the growing embryo. 

For general surveys of enzymes in the hen’s egg prior to and 
during incubation the reader is referred to papers by LINEWEAVER 
et al. (1948) and NeepHam (1931, 1950). 

Investigations on proteolysis in the yolk of the hen’s egg have 
been made by several scientists, Borger and Peters (1933), 
GOLDSTEIN (1938), Mystkowskr (1936), Remortt (1926) and 
others. The most important of these investigations is REMOTTI’s 
in which the physiology and the histology of the yolk sac are 
thoroughly discussed. 

The Italian scientist has arrived at the result that proteolytic 
activity in the yolk is Jow during the first days of the incubation. 
After 6 days’ incubation the activity is greatly increased and the 
maximum is reached on the ninth day, whereupon the activity 
remains at the same level until hatching. 


Ri 
| been 
f 
| ated 
tota 
the 
A 
pub 
ast 
hen’ 
prot 
T 
sibli 
acid 
| 
F 
bee! 
F 
fror 
that 
I 
diff 
to ¢ 
but 
upt 
wet 
ord 
! 
) the 
this 
by 
I 
of | 
lec 
yol 
| 
Ini 
the 
thi 
cel 


den. 


1k 


PROTEOLYTIC ENZYMES OF THE YOLK. 125 


Remortti’s method for measuring the proteolytic activity has 
been formol titration according to SorENSEN, and consequently 
his figures are a measure of the number of carboxyl groups liber- 
ated during the hydrolysis. Naturally the result is a measure of 
total protein hydrolysis, but it gives no information concerning 
the number of enzymes functioning or their characteristics. 

As the present author has been able to show in an earlier 
publication (EMANUELSSON 1951) that free amino acids as well 
as three different proteolytic enzymes appear in the yolk of the 
hen’s egg prior to incubation it was then decided to follow the 
proteolysis in the yolk during incubation. 

The object of the investigation has been partly to study pos- 
sible quantitative and qualitative changes occurring in the amino 
acids and partly to characterize the proteolytic enzymes present. 


Materials and Methods. 


For the investigation eggs from a pure breed of White Leghorn have 
been used. The eggs were incubated in an egg-incubator at 38° C. 

From the beginning the author’s intention was to take samples 
from different parts of the yolk, as Remorri had been able to show 
that a certain gradient in proteolytic activity occurs in the yolk. 

In the sampling of the yolk it appeared, however, that it was very 
difficult to obtain material which was with absolute certainty localized 
to a fixed part of the yolk. 

Prior to incubation the yolk has a very homogeneous appearance, 
but after a few days’ incubation this condition becomes changed through 
uptake of water from the white. Later on the vitelline membrane grows 
weaker and one has to be extremely careful in handling the yolk in 
order to keep the membrane intact. 

Attempts to obtain the preparation more easily through freezing 
the yolks failed. A stratification, obviously artificial, was obtained in 
this way and precluded the possibility of obtaining reliable results 
by this method. 

Instead the samples had to represent the whole yolk: after removal 
of the embryo as much as possible of the contents of the yolk was col- 
lected. In order to get a sample as representative as possible several 
yolks (10O—20) were used for every experiment. 


Investigations of amino acids. 

Analyses of amino acids — which were made at the same time as 
the analyses of the proteolytic activity — had the following course: 
the samples were precipitated with 96 per cent alcohol to a final con- 
centration of 80 per cent. Then they were homogenized and the pre- 
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cipitated proteins were filtered off. The alcoholic solution that was 
obtained was chromatographed one dimensionally, sometimes also two 
dimensionally. Munktell OB paper was employed for the chromato- 
grams. Solvent: butanol — acetic acid — water according to PARTRIDGE 
(1948). 


Investigations of proteolytic enzymes. 


Samples of yolk were homogenized together with ice-cold 30 per 
cent glycerol solution, which proved to be a suitable extractive agent. 
The homogeneous solution was then centrifuged. The supernatant, 
with a pH of about 6.5 was used for measuring the proteolytic activity. 
Principally this was performed according to NortHrop et al. (1948, 
p- 307). 

In the procedure the solution is first buffered with Mc Ilvaine’s 
standard buffer to the desired pH, then the enzyme-substratum, 1 per 
cent hemoglobin solution (Homo), is added, and finally the test-tube 
with the mixed solutions is kept in a water-bath at exactly 37° C for 
2 or 3 hours. Preliminary experiments showed that the proteolysis had 
a rectilinear course at least for the first 4 hours. 

When the test-tubes were kept in water-bath they were constantly 
stirred in order to prevent any sedimentation in the solution. After 
addition of buffer to the samples a faint precipitation was observed in 
those where the pH was about 5, obviously the isoelectric point for 
certain proteins in the samples. In order to eliminate such precipi- 
tation in the samples, all of them had to stand at 0° C for 15 minutes 
after addition of the buffer, then the samples were filtered immediately 
before the test-tubes were placed in the water-bath. Preliminary 
experiments showed that such a procedure did not interfere with the 
enzymatic conditions in the samples. 

The enzymatic activity was interrupted through adding strong 
trichloracetic acid or perchloric acid to the samples. The acid precipi- 
tated all proteins but left amino acids liberated during the proteolysis. 
Of the amino acids the cyclical, with absorption in ultraviolet at 
2,750 A were measured in a Hilger spectrophotometer. 

In the measurement there was a drawback with the trichloracetic 
acid: because of its own strong absorption in ultraviolet, the sensitivity 
of the measurements was lowered. In experiments employing perchloric 
acid instead of trichloracetic acid this disadvantage was eliminated, 
but here the filtrations were more difficult to perform because of the 
more finely dispersed precipitate that was obtained. 

Addition of strong acid to the samples fixed their pH and thus 
variations in absorption (for tyrosine) with pH were eliminated. 

All experiments were carried out in duplicate and good agreement 
was obtained. 

In order to investigate the spontaneous activity in the samples, 
identical series were run that differed only in the enzyme substratum, 
the hemoglobin solution was here exchanged for distilled water. 

Attempts to follow the proteolysis through applying viscosimetrical 
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’ analyses to the yolk itself failed, as it was evident that the method 


could be used only for very diluted yolk-solutions. 

In some experiments cysteine hydrochloride wad added as an activa- 
tor to the samples. The cysteine hydrochloride was added asa neutral- 
ized solution to a final concentration of about 100 mg per cent. 


Results. 
Amino acids. 


Qualitative changes in the alcoholic extracts from yolk from 
various states of incubation could not be demonstrated for amino 
acids or for alcohol-soluble peptides. (See EMANUELSSON 1951.) 

Quantitatively a weak increase in concentration of the amino 
acids was noted after some days’ incubation (estimated by com- 
paring colour intensity of spots in chromatograms from com- 
parable samples). As the increase seemed to be comparatively 
small, maximally 50 per cent, it was not investigated further. 


Proteolytic enzymes. 


The investigation shows that the proteolytic activity in the 
yolk during incubation is distributed among at least three differ- 
ent protein-splitting enzymes with quite different pH-optima. 

These are: No. 1. Enzyme with optimum about pH = 3. 

No. 2. » » » » pH=5. 
No. 3. » » » above pH = 7. 

The optima correspond well to those that were obtained for 
the enzymes appearing in the yolk of the hen’s egg prior to in- 
cubation (EMANUELSSON 1951), and therefore it is assumed that 


the enzymes are identical. 


Enzyme No. 1. 


For calculating the activity of this enzyme the amount of 
amino acids (tyrosine) liberated at optimum pH was measured. 

The activity, measured after the samples had been kept in 
a water-bath for 2 hours is relatively low: enzyme from 1 cc yolk 
from an unincubated egg gives in that time about 0.3 mg liberated 
amino acid (estimated as tyrosine). When incubation of the eggs 
has begun the activity per cc yolk is increased (see fig. 1). On the 
second day of incubation the activity amounts to more than 
double the value for the unincubated egg. Further increase could 
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Fig. 1. Proteolytic activity of enzyme No. 1 in yolk. 


not be noted, on the contrary, a small decrease was observed, but 
it was only of short duration. 

When calculating the activity the dilution of the yolk during 
incubation has not been accounted for. However the results are 
not appreciably changed, when this is taken into consideration 
(see RoMANOFF 1933). 

Experiments have been made to measure possible changes in 
the pH in the yolk during incubation of the eggs. Only small 
differences (+ 0.5 pH) could be found however. The existence of 
special loci in the yolk that had another pH than the surrounding 
area could not be proved. 


In connection with the investigaticns on proteolytic activity 
in the yolk, the activity in the homogenized yolk-sac was also 
studied. The investigated material was taken from eggs that had 
been incubated for 10—21 days. 

It appeared that enzyme No. 1 was present here, but its ac- 
tivity was of quite another magnitude: after 10 days’ incubation 
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Fig. 2. Relative activity of enzyme No. 2 and No. 3 in yolk. 


the activity in the yolk-sac was about 10 times that in the yolk. 
The activity in the yolk-sac remained at this level until hatching. 
See figure 3. 


Enzyme No. 2 and Enzyme No. 3. 


As a measure of their activity the amounts of amino acids 
(tyrosine), liberated at pH 5 and pH 7.5 were estimated. 

For enzyme No. 3 no pH-optimum was obtained, as previously 
itated,. a well-known fact for tryptical enzymes (NorTHROP et 
al. 1948). As the slope of the pH-curve is slight and as measure- 
ments have shown that the pH in the samples is constant during 


| 
| e 
Os 
| 
7 g 
> 
a 

j 
ut 
ig 
| 
ll 
of 
y 
O 
1 
1 


oo 


HADAR EMANUELSSON. 


= 


mq Tyrosine homogenate 


2. 4 6 8 
pH 


Fig. 3. pH-Activity of proteinases in yolk-sac homogenate. 
Incubation: 20 days. 


the incubation, it will be correct to let the measurements from 
pH = 7.5 stand for the activity of enzyme No. 3. 

In figure 2 the absolute values are not reported but instead 
relative values compared to the activity of enzyme No. 1 at the 
same state of incubation. 

It appears that there is a rapid increase in the activities of 
enzymes No. 2 and No. 3, both relatively and absolutely, and 
maxima are reached for both about the ninth day of incubation. 
Later a small decrease is noted. 

Experiments in which samples were activated with cysteine 
hydrochloride were made on yolk from eggs that had been in- 
cubated a few (0—3) days. It was found that enzyme No. 2 but 
not Nos. 1 and 3 could be activated in this way 2—3 times. 

As to the yolk-sac, the presence of enzyme Nos. 2 and 3 could 
be established, even if their activities, compared with that of 
enzyme No. 1 were low. The activities remained at the same low 
level until hatching. See figure 3. 
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Discussion. 


The present investigation agrees with the prevalent opinion 
concerning the decomposition of the yolk in the hen’s egg. Of 
the enzymes studied, at least one (No. 1) has with very great 
probability leaked out from the embryo and its membranes, but 
for the others there is also the possibility that they may be pre- 
formed enzymes, deposited in the yolk, which are gradually 
activated during the incubation. 

In this investigation proteolytic activities in the yolk and the 
yolk-sac have been studied, but as only very preliminary experi- 
ments on proteolytic activity of the embryo-body itself have been 
made with the methods employed for the yolk, a discussion con- 
cerning the origin of the proteolytic enzymes in the yolk will not 
be very fruitful. 

Concerning enzyme No. 1 however, it can be said that the 
difference in activity between the yolk and the surrounding 
yolk-sac makes it very probable that an enzyme of this type in 
the yolk comes directly from the yolk-sac through diffusion. The 
gradient found, between yolk-sac and yolk is thus in good agree- 
ment with the general opinion about yolk-utilization in the hen’s 
egg. 

As to enzymes No. 2 and No. 3 there is no such gradient be- 
tween yolk-sac and yolk. As has already been stated only very 
preliminary experiments on proteolytic activity of the embryo- 
body have been made. From these it seems that in homogenized 
1-day-old embryos activity of proteolytic enzymes at pH 5 snd 
pH 7.5 is lower than in yolk from the same eggs. This would 
indicate another origin of these enzymes than the embryo and 
speaks in favour of a liberation of pre-formed enzymes. 

The low activity of the three enzymes in the yolk speaks as 
much in favour of diffusion from the embryo as of successive 
activation of pre-formed ones. In this connection it ought to be 
mentioned that the low activities must not be ascribed to the fact 
that hemoglobin is an unnatural substratum, as the pH-curves 
representing the spontaneous activities in yolk samples from the 
various stages of incubation have essentially the same shape as 
those calculated for activity upon hemoglobin alone. The activi- 
ties are in both cases of the same order of magnitude. 

The fact that enzymes occurring in the yolk of the incubated 
hen’s egg already appear in the unincubated egg might perhaps 

10—553010. Acta phys. Scandinav. Vol. 34. 
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this fact. 


enzyme. 


than of a diffusion from the embryo. 


thereby contaminating the sample. 


can be demonstrated at that time. 


cussed, Nos. 2 and 3. 


proximal thereto. 


indicate a deposition of pre-formed enzymes. However, it must 
not be forgotten that even in new-laid eggs the embryos have 
already begun their development and form distinct blastoderms. 
For that reason too much importance must not be attached to 


The possibility of activating enzyme No. 2 offers no definite 
information concerning the origin of the enzyme. Even if the 
possibility of activation makes a pre-formation probable, Myst- 
KOWSKI’s (1936) information about cathepsin in the chick em- 
bryo, which can be activated with cysteine hydrochloride in the 
same scale, suggests identity between enzyme No. 2 and cathep- 
sin and the embryo-body as the probable site of origin of the 


From the foregoing there is no definite support for one theory 
or the other as to the origin of the two enzymes. Results up to 
now, however, seem to speak more in favour of a pre-formation 


The existence of a gradient between yolk-sac and yolk in 
regard to enzyme No. 1 emphasizes the necessity of performing 
the sampling very critically. Especially in more advanced stages 
great caution must be taken so that no blood-vessel is ruptured 


From the investigation it appears that, during the part of 
incubation of the hen’s egg that has been studied (0—15 days), 
there are distinct maxima in activity for enzymes Nos. 2 and 3 
after about 9 days’ incubation. For enzyme No. 1 no maximum 


It is of interest that this maximum after 9 days’ incubation 
coincides with the results obtained by Remorrti (1926). He has 
found with his method a proteolytic maximum at that time. 

NEEDHAM (1931) has emphasized that the protein catabolism 
of the chick embryo, expressed as catabolised protein per g 
dry-weight, has a maximum at 9 days’ incubation and this coin- 
cidence makes it probable that there is a connection between the 
protein catabolism of the embryo-body and the enzymes dis- 


Further evidence indicating the importance of the proteolysis 
in the 9-day embryo is that embryo-extract with optimal effect 
upon tissue culture is obtained from the 9-day stage and those 
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As to the amino acids, WILLIAMs et al. have stated in a recently 
published paper (1954) that they have studied the free amino 
acids in the yolk during incubation. With their methods, using 
ion-exchangers and measuring the optical densities of the acids, 
they found for some amino acids an increase from 2—10 times 
from the third to the ninth day of incubation. A general maximum 
seemed to be localized to the ninth day of incubation. In the 
author’s opinion the greater increase found by WILLIAMs et al. 
may perhaps be ascribed to hydrolysis during preparation. 

Even if our knowledge concerning intermediate products in 
protein metabolism is very limited, it is, nevertheless, improbable 
that in a protein catabolism followed by anabolism, as in the 
hen’s egg, the process should be limited to amino acids. Probably 
there must be an equilibrium in which the amino acids have a 
restricted part only and in which more or less complex peptides 
dominate. 

Similar results as to the amino acids are reported from the 
pupae of the fly Calliphora (AGRELL 1951). In the pupae, which 
form an isolated system comparable to the hen’s egg there is a 
steady level during the whole metamorphosis period in spite of 
the fundamental transformation of larva-protein into imago- 
protein which takes place here. 

Recent statements (SCHECHTMAN and Kwnicut 1954) about 
the ability of the ovum of the chicken to incorporate proteins 
directly without any previous decomposition thereof makes it 
necessary for us to revise earlier conceptions of protein metab- 
olism. Perhaps direct protein transfer provides part of the 
proteins of the young embryo. 

Attempts to isolate the intermediate products in the protein 
metabolism of the chick embryo have been made by the author 
and are in progress. In these paper chromatographic and electro- 
phoretic methods have been employed. 

With the paper chromatograms, for which strong buffer solu- 
tions have been used together with impregnated papers of 
various types, no valid results have been obtained. 

Electrophoresis in filter paper, however, has given promising 
results and this is also true of electrophoresis in starch. 

Summarizing it can be said that the present investigation 
emphasizes the central position held by the 9-day stage in pro- 
tein metabolism during the development of the chick embryo. 

As the hen’s egg must be considered a very suitable object for 
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studying the general pathways in protein metabolism it is to be 
anticipated that further investigations will be focussed just to 
the 9-day stage. 

The investigation has been facilitated by grants from the 
Kungliga Fysiografiska Sallskapet, Lund, and from the Swedish 
Research Council for Natural Science. 


Summary. 


Free amino acids and alcohol-soluble peptides in the yolk of 
the hen’s egg have been studied during the first 14 days of in- 
cubation. No qualitative and only small quantitative changes 
could be noticed. During incubation three different proteolytic 
enzymes occur in the yolk and in the yolk-sac. In the yolk maxima 
for these enzymes were found about the second and the ninth 
day of incubation. Yolk-protein-utilization of the embryo is 
discussed. 
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The Influence of the Adrenal Cortex on the 
Citric Acid Concentration of the Guinea 
Pig’s Blood Serum. 


By 
INGA-GRETA AGRELL, S.-E. LINDELL and H. WESTLING. 
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The influence of the adrenal cortex on citric acid metabolism 
has received little attention. Observations of increased citric acid 
concentration in blood serum from patients with Addison’s disease 
(MARTENSSON 1949) indicate, however, that a closer study of the 
influence of the adrenal cortex on the metabolism of citric acid 
might be valuable. 


Experimental. 


Male guinea pigs weighing 300—500 grams have been used. This 
species was chosen because its adrenals are large and easy to identify. 
Besides, accessory cortical tissue is rare in guinea pigs (KAHLSON, 
LINDELL and WesTLinG 1953). The animals were kept under uniform 
conditions and were given food consisting of beets and hay ad libitum. 

Blood samples, 1—2 ml, were taken by heart puncture after 6—7 
hours of fasting. Anaesthesia was given with ether, which has been 
shown by MArtTEnsson (1943) not to influence the citric acid content 
of rabbit’s serum. The heart punctures were performed between 15.00 
and 16.00 p.m. with intervals of 1—2 weeks. The heart puncture was 
the immediate cause of death in about 10 °% of the animals. In order 
to obtain an approximate value of the hemoconcentration after adrenal- 
ectomy, the number of erythrocytes per mm* of blood was counted 
in 25 guinea pigs before and after operation. The blood obtained by 
heart puncture was used. 
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Removal of the adrenal glands was performed in two stages with 
3—5 weeks’ interval, starting with the right gland as described by 
Kautson, LINDELL and WEsTLING (1953). The same precautions as 
regards remnants of the adrenals were observed. Thus the present series 
consists only of animals in which the adrenals had been removed intact 
within their capsules and where a careful post mortem examination did 
not show any remnants or accessory adrenal glands. 

To investigate the effects of the operative trauma 13 animals were 
subjected to sham operations. In these animals a left dorsal incision 
was made and the region of the left adrenal was exposed, the adrenal 
gland being left intact. 

After removal of the second adrenal and after sham operation the 
animals were kept in a special, heated cage under close observation. 
They were weighed twice daily. 

17-hydroxy-11-dehydro-corticosterone acetate in crystal suspension, 
Cortisone acetate Ciba (cortisone), or desoxy-corticosterone acetate in 
oil solution, Percorten Ciba (DCA), were injected intramuscularly twice 
daily, 5 mg each time. 

Citric acid determinations were performed with the enzymatic methy- 
lene blue method of THuNBERG (1929, 1933) as modified by MARTENs- 
son (1940). As a rule duplicate determinations were made. 


Results. 


The citric acid content in microgram per ml of serum (ci) in 33 
normal guinea pigs was found to be 108.3 + 1.9 (79 samples). 
The mean value observed in 21 animals studied 3—6 weeks after 
removal of one adrenal was 98.4 ++ 1.9 (43 samples), the difference 
from the normal value being significant (p < 0.05). After removal 
of the second adrenal in the latter animals a progressive increase 
in ci ensued (table 1). The mean value after 2 days was 129.5+-14.8 
(11 animals), after 3—5 days 142.4 + 12.3 (11 animals) and after 
6—11 days 174.7 + 12.9 (6 animals). The mean per cent increases 
in the different groups are shown in table 1. The increases are 
statistically significant. 

In animals subjected to sham operation low serum citrate values 
were observed (table 1), the reduction being statistically significant 
2—6 days after the operation. A gradual return to normal values 
occurred, the preoperative value being reached after 2—4 weeks 
(table 1). 

After removal of both adrenal glands the animals lost progres- 
sively in weight (table 1). In the individual animal there was no 
parallelism between the weight loss and the increase in ci. Thus, 
one animal had a 10 % decrease in body weight two days after 
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Table 1. 
Changes in ci and body weight in the different groups. 


| | Per cent change in 
No. of | Days 

Operation | Treatment, animals | after op. oi (4: SEM) body 

weight 
Adrenalectomy | — 11 | 2 + 32 (+ 14) —12 | 
> 11 3—5 —15 | 

> 6 | 6—12 | + 67(+ 10) —18 

> | Cortisone 5 |} 2—7 1+ 1(4+ 4) — 6 
» | DCA 4 — 4). —9 | 
Sham operation 6 2 16 —15 | 
> _- 7 3— 6 |—12(+ 83) — 6 | 

» — 8 9-10 |— 6(+ 16) — 7 
| > | 8 16—21 _— 3(4 5); —1 | 


adrenalectomy, when the ci was found to be 88 % higher than the 
preoperative value. Another animal had lost 16 % in body weight 
two days after adrenalectomy and its ci had increased only 2 %. 
Five days after removal of the adrenals one animal had a ci in- 
creased of 51 % with an 11 % weight loss, whereas another animal 
of the same size had lost 12 % in body weight with no change in 
ci five days after adrenalectomy. The correlation coefficient be- 
tween weight loss and ci increase in all animals was 0.31, 7. e. no 
correlation was demonstrable. 

The mean value for red blood cells in normal guinea pigs was 
found to be 5.5 millions per mm? of blood. After adrenalectomy 
there was an increase in the erythrocyte count in most of the ani- 
mals, but the values showed a great variation, probably due to 
varying degrees of bleeding at the operation and the punctures. 
There was, however, no parallelism between the increase in ci 
and the hemoconcentration as measured by red blood cell count. 
In one animal, for example, with a 12 °% increase in erythrocyte 
count 5 days after adrenalectomy the ci was not elevated, whereas 
it had increased 51 % in another animal, which at the same time 
after adrenalectomy had a 14 % increase in erythrocyte count. 
Sham operation produced no significant change in erythrocyte 
counts. 

Treatment with cortisone, 5 animals, or DCA, 4 animals, pre- 
vented the increase in ci after adrenalectomy. (Table 1.) After 
withdrawal of the steroid injections the ci increased as in adrenal- 
ectomized animals not treated with steroids. It was also found 
that administration of cortisone (6 experiments in 4 animals) 
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Cl 
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Fig. 1. Citric acid content of serum (ug/ml) in three guinea pigs after adrenal- 


ectomy and hormone injections. 
Cortisone treatment = interrupted lines. DCA treatment = dotted lines. 


or DCA (1 experiment) to adrenalectomized animals with increased 
ci resulted in a lowering of the ci to the initial value (Fig. 1). The 
return to normal seemed to take 2—3 days. 


Discussion. 


In guinea pigs, after removal of the adrenal glands, an increase 
of the citric acid content in blood serum was found. This was not 
due to the unspecific operative trauma, since animals subjected 
to sham operation showed values lower than normal. Moreover, 
administration of cortisone or DCA prevented the hypercitricemia 
and if given to an adrenalectomized animal with increased serum 
citrate caused a return to normal level. This indicates that the 
rise in serum citric acid is due to loss of the adrenal cortex. 

With the dosage employed, no difference was observed between 
the two steroids as regards ci. However, only one value has been 
obtained after administration of DCA to adrenalectomized animals 
with increased ci. The reason for this is that the other animals 
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with increased ci, which received DCA, succumbed before another 
sample could be obtained. 

The increased serum citrate after adrenalectomy is in agree- 
ment with MARTENssON’s (1949) observations in patients with 
Addison’s disease. 

The cause of the hypercitricemia in adrenal insufficiency is not 
known. The increased concentration of serum citrate could simply 
be due to the hemoconcentration that follows adrenalectomy. 
The lack of correlation in our experiments between weight loss, 
hemoconcentration and increase in serum citrate indicates, how- 
ever, that other mechanisms are involved. The increased serum 
citrate could for instance be secondary to decreased hepatic or 
renal function, conditions in which hypercitricemia may occur 
(Ss6stR6M 1937, MARTENSSON 1940). 

The most likely explanation, however, is that the increased 
serum citrate reflects the changes in intermediary metabolism 
in adrenal insufficiency, since the “citric acid cycle” is considered 
to be the principal pathway for the final oxidation of 2-carbon 
fragments, whether these arise from carbohydrate, protein or 
fatty acids. (Hawk, OsER and SuMMERSON 1954.) 

Sham operations were followed by a decrease in ci lasting 2—4 
weeks. It is interesting to note that this was the usual time nec- 
essary for complete healing of the operative wounds. A similar 
reduction of ci has been observed in human beings after surgical 
operations, infections and in thrombosis (ScHERSTEN 1931, SJ6- 
strROM 1937). It is tempting to regard the hypocitricemia in these 
conditions as part of the metabolic changes that follow trauma 
and repair, possibly mediated via the adrenal cortex. The fact 
that the unilaterally adrenalectomized animals had lower ci values 
than the normal guinea pigs might be explained in a similar way. 


Summary. 


1. In guinea pigs adrenalectomy was followed by a significant 
increase in the citric acid content of blood serum, determined with 
Thunberg’s enzymatic methylene blue method. 

2. This increase could be prevented by cortisone or DCA. 

3. After sham operations subnormal serum citrate values were 
found. 
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Skilful technical assistance was given by Miss Kerstin Anderson, 
Miss Edith Lehmann and Mrs. Asta Lundqvist. Mr. N. Sandberg 
prepared the figure. 

Part of the expenses of this investigation were defrayed by 
grants from the Nordisk Insulinfond. Ciba Produkter AB, Stock- 
holm, supplied us with the steroids. 
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Influence of Various Levels of Dietary Choles- 
terol on the Cholesterol Content of Certain 
Organs and of Bile of Chicks Fed Fat-free 
and Peanut Oil Containing Diets. 

By 
HENRIK DAM, INGE PRANGE and EBBE SONDERGAARD. 


Received 2 February 1955. 


The purpose of the present study was to determine approxi- 
mately the level of dietary cholesterol beyond which there is ac- 
cumulation of cholesterol in liver, spleen, aorta and bile of growing 
chicks fed an experimental diet without fat or with 10 % peanut 
oil. 

An experimental period of four weeks was chosen, commencing 
about 2 weeks after hatching at which time the chick has disposed 
of the main part of the cholesterol surplus it has taken over from 
the egg (Dam 1931). After this initial period synthesis of chol- 
esterol in the chick exceeds its excretion and breakdown, if chol- 
esterol is not supplied in the diet (Dam 1929). 

The basal diet was one that gave fairly good though not optimal 
growth. It contained slightly less than the amount of choline 
(700 mg per lb.) indicated in Recommended Nutrient Allowances 
for Poultry (1946), and a relatively high amount of protein, 
though not of optimal composition for chicks since growth can 
be improved by increasing the content of casein or by addition 
of cystine. 


Experimental. 


Day-old chicks (cross-bred of white leghorn and light sussex) were 
reared on a commercial diet (DAM and SonDERGAARD 1953) for 13 days 
whereafter they were transferred to one of the diets presented in table 1 
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Table 1. 
Composition of basal diets. 


Diet no. 1 2 | 3 a 
| Casein, “vitamin test”!...... 200 200 
80 80 80 80 
| Vitamin mixture*........... 1.0 1.0 1.0 1.0 
Choline chloride ............ | 1.5 1.5 Si. | 1.5 
665.8 565.8 665.8 | 565.8 


1,000 1,000 1,000 1,000 


All diets were supplemented with 10 mg Synkavit (Roche)’ and 100 mg 
Ephynal (Roche)* per kg. 

Vitamins A and D were given as concentrates’ dissolved in Filtrol-treated olive 
oil, 1 drop twice a week per animal. This corresponds to 220 I. U. A and 20 I. U. 
(chick) D per day. 


1 From Genatosan, Ltd., Loughborough, England, containing 0.11 % fat. 

2 “Dairinex”, from A/S Dansk Mejeri Industri & Export Kompagni, Stege, 
Denmark, containing 1.2 % fat. 

Dam and SONDERGAARD 1953. 

* Dam and SOnDERGAARD 1953. 

5 Di-calcium-salt of 2-methyl-1,4-naphthohydroquinone-diphosphoric acid ester. 

6 d,l-a-tocopherol acetate. 

7 Made up from vitamin A concentrate, natural ester form, containing 
838,000 I. U. A per g 1.7 g; vitamin D, concentrate containing 200,000 I. U. 
(chick) per g (in Filtrol-treated olive oil) 0.63 g; Filtrol-treated olive oil 47.67 g, 
total 50 g. The vitamin A concentrate was kindly furnished by Distillation 
Products Industries, Rochester, N. Y. 


with or without addition of cholesterol in the amounts listed in tables 
2 and 3. For diets with 10 % peanut oil the cholesterol was dissolved 
in the oil before being incorporated into the diet. Amounts of cholesterol 
exceeding 0.33 °% of the diet could not be kept in solution in the oil 
at room temperature. 

The animals were sacrificed after 4 weeks’ feeding of the experimental 
diets. 

Liver, spleen, aorta (from the right brachio-cephalic to the renal 
arteries) and bile from the bladder were taken for determination of 
total cholesterol. 


Analytical Procedure. 


Liver and spleen were heated on a boiling waterbath for two hours 
with aqueous 30 % KOH and treated further as in earlier studies on 
muscles (DAM, PRANGE and SoNDERGAARD 1952) using the Liebermann- 
Burchard reaction. 

Aortae were dried over P,O; in vacuo and heated with 5 ml of 30% 
aqueous KOH and 2 ml of absolute alcohol for two hours on boiling 
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Table 2. 


Influence of dietary cholesterol and peanut oil on liver cholesterol of chicks. 
Feeding period 4 weeks. 


| | | Addition to| Average weight Mg 
Group) Type of ‘basal diet: of animals' 
vest = % initial | final weight) 
“vitamin } 

1241 2 test”’ 10 0 | 83 263° 2907+ 9 
1242 2 > 10 0.01 | 831° 246° 3045+ 11 
1243 2 > 10 0.033 831° 245° 2985+ 8 
1244] 2 > 10 0.1 | g3% | 239 | 33154 29 
1245 2 > 10 0.33 | 83° 290! /1,1825+ 94 
1246 2 » 10 1.0 |} 256 |2,1965 + 303 
1247 2 » 10 3.3 | ggre 304° /4,4165 + 131 
1248 1 > 0 0 | ggre 190° | 485°+ 19] 
1249 1 » 0 0.1 228° 491°+ 25) 
1250 | 1 » 0 1.0 } §8gre 181° | 543°+ 20 
1251 4 crude 10 0 | Spe 275° | 3138+ 19 
1252 4 > 10 0.1 293° 310°+ 17| 
1253 4 | » 10 1.0 |  §8gre 305° =|2,343° + 170 


1 The superscripts represent number of chicks in the groups. 
* The superscripts represent the number of livers assayed; + indicates standard 
error of the mean. 


waterbath; after addition of 5 ml of water, the non-saponifiable material 
was extracted 3 times with petroleum ether, washed, evaporated to 
dryness, and treated as above. Three or four aortae were taken together 
for one determination. 

Bile (0.05—0.3 ml) was heated for 2—3 hours on a boiling water 
bath with 4 ml of 17 % KOH in 50 % alcohol, after which 2.5 ml 
H,O was added and the non-saponifiable fraction shaken out three 
times with 5 ml petroleum ether, washed, evaporated to dryness, dis- 
solved in chloroform and cholesterol determined by the more sensitive 
color reaction with acetylchloride and zine chloride (528 my.) (modi- 
fication of 8. GOrtz (1934), and (1937)). 

Determination of fat in the two caseins was carried out by the method 
of Scumip, BonpzynskI and as described by FLEISCHMANN- 
WEIGMANN (1932). 


Results and Discussion. 


The results are presented in tables 2 and 3, and fig. 1. 

1. Diets with 10 % peanut oil: 

No significant increase of cholesterol is observed in liver, spleen, 
aorta and bile when the cholesterol content of the diet varied 
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Table 
Influence of dietary cholesterol and peanut oil on cholesterol in 
was Average weight 
G Basal Peanut | Addition of 
roup in | Type of . | basal diet: g 
no. in casein a | cholesterol 
/0 o/ | 
si initial | final 
1273 4 crude 10 | 0 901° 300° 
1274 | 4 > 0.1 90"° 29210 
1275 4 > | 10 | 0.33 30410 
1276 4 > 10 | 1.0 90° | 2751 
1277 3 » 0 | 0 | 
1278 3 > | 0 0.1 oe | 2" 
1279 3 > 4 0.33 90° | 273 
1280 3 > | | 


1 The superscripts represent number of chicks in the groups. 
* The superscripts represent the number of chicks from which the material 


from 0 to 0.1 %, but a marked increase occurs in the range between 
0.1 and 0.33 % as well as at higher levels. 

If the feeding had been continued over a longer period, it is 
possible that accumulation of cholesterol would have been found 
at a still lower dietary level. 


2. Diets without added fat: 

As could be expected (e. g. Cook 1936) the increase in cholesterol 
in liver, spleen, aorta and bile caused by dietary cholesterol was 
much less than when 10 % peanut oil was present. The in- 
crease was insignificant when “vitamin test’ casein containing 
only 0.11 % of fat was used (see fig. 1 A; in this case only liver 
was examined), and similar results were obtained with bile even 
when the diet contained the crude casein having a fat content 
of 1.2 %. 

From fig. 1 A and C it can be seen that the initial values (cor- 
responding to 0 and 0.1 % dietary cholesterol) for liver are higher 
for fat-free diets than for diets with 10 %% peanut oil. This agrees 
with findings of ALFIN-SLATER et al. (1954) who found higher 
cholesterol values in the liver of rabbits on fat-free diets than in 
rabbits fed diets with 15 ° cottonseed oil. 

The observation that in our experiments cholesterol in organs 
began to increase with dietary cholesterol levels somewhat above 
0.1 % agrees with the observations of Katz and STAMLER (1950), 
according to which atheromatous lesions could be produced in 
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3. 
liver, spleen, aorta and bile of chicks. Feeding period 4 weeks. 
Mg cholesterol per 100 g 

Aorta Bile? 

Liver? Spleen* | (dry matter) (dry matter) 

286+ 6 405°+ 6 740 5307+ 40 
303"°+ 6 | 410° + 11 | 820 5507+ 70 
1,1312° + 127 637° + 37 1,450 1,230° + 160 
2,536 + 290 | 995° + 50 3,440 1,510° + 200 
384°4+ 17 | 407° + 19 840 520°+ 50 
410+ 25 | 426° + 12 820 5207 + 110 
531°+ 32 506° +33 1,130 580*+ 70 
763+ 94 605°+ 44 | 1,170 660°+ 40 


in question is analyzed; + indicates standard error of the mean. 


the arteries of chicks fed a plain mash + 5 % cottonseed oil + 0.25 
the age of five 


% cholesterol during a 25 to 35 week period from 
weeks. 


mg CHOLESTEROL in 


3500 
100g 100g 1009 1009 100 mi 
3000 | LIVER LIVER LIVER |SPLEEN + BILE 


2500} 


2000} 
4500 L 
1000} 
7 05 14 CHOLESTEROL 
A 8 c D E F G 
Fig. 1. 


Vertical: mg cholesterol. 

Horizontal: per cent dietary cholesterol. 

Solid lines refer to diets with 10 % peanut oil. 
Broken lines refer to diets without added fat. 
The casein in fig. 1 A was “vitamin test’’. 
The casein in figs. 1 B—G was crude casein. 


The feeding experiments in figs. 1 A and B were carried out simultaneously. 


Those in figs. 1 C—G were also carried out simultaneously, but later. 
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Summary. 


The dietary cholesterol level above which accumulation could 
be demonstrated in liver, spleen, aorta and bile was somewhere 
between 0.1 % and 0.33 % for diets with 10 % peanut oil. 

This limit also holds for fat-free diets as far as liver, spleen, 
and probably also aorta are concerned, whereas in the case of 
bile only an increase of low significance was found as the dietary 
cholesterol varied from 0 to 1 %. 

The increases found with fat-free diets were in all cases much 
smaller than those found when the diet contained 10 % peanut 
oil. 

The cholesterol values for liver corresponding to 0 and 0.1 % 
of dietary cholesterol were significantly higher when the diet was 
fat-free than when it contained 10 % peanut oil. 
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The Intestinal Absorption of Phospholipids in 
the Rat. 
By 
ROLF BLOMSTRAND. 


Received 3 February 1955. 


Since lecithin and triglycerides have structural similarities it is 
possible that the mechanisms involved in their intestinal absorp- 
tion might also have points of similarity. Most workers have, 
however, concerned themselves with the fate of the triglycerides 
and very little work has been done on the intestinal absorption 
of phospholipids. 

Earlier investigators generally assumed that phospholipids 
were hydrolyzed in the intestinal lumen and absorbed in their 
constituent parts. For summaries cf. BeLFanti, ConTARDI and 
Erco.t (1936) and (1952). 

StowtTzorF (1906) and FRAENKEL (1911), however, suggested 
that part of the absorbed lecithin may reach the intestinal lymph 
unsplit. E1cHSTEIN (1924) after feeding lecithin to dogs found as 
the most pronounced effect an increase in the total fatty acid 
content of the lymph, but the phospholipid increments were only 
slight and did not parallel the fluctuations in the total fatty acid 
content of the lymph. From this he drew the conclusion that leci- 
thin like fatty acids and simple glycerides, is transformed into 
triglycerides during the transport through the intestinal mucosa. 

After prolonged feeding of phospholipids several authors (Rr- 
WALD 1928, SERIJsk1 1928, and HEINLEIN 1933) have reported 
increases of the phospholipids of various tissues. These results 

11—553010. Acta phys. Scandinav. Vol. 34. 
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have been interpreted as an absorption of intact phospholipid 
molecules. Recently Artom and Swanson (1948) fed rats with 
phospholipids obtained from the livers of other rats which had 
been injected with large doses of *P. The isotope was also fed as 
inorganic phosphate or as glycerophosphate to other rats receiving 


nonlabelled phospholipids in their diet. It was found that the | 


specific activity of the plasma lipids in animals fed labelled phos- 
pholipids was much higher than that of the controls and also 
much higher than that of the liver lipids in the same animal. 
Since it has been shown that the liver is ordinarily the main source 
of the plasma phospholipids (cf. Hevesy et. al. 1939, 1940 and 
FisHLER, ENTENMAN, MontcoMeRY and CuHarkorr 1943) and 
since the activity of the phospholipids in these animals was higher 
in the plasma than in the liver, they concluded that a small part 
of the phospholipids might be absorbed as intact molecules. 


While the present work was still in progress BLoom, Kryasu, | 


REINHARDT and CHarkorF (1954) reported experiments in which 
they fed liver phospholipids obtained from rats given !4C-palmitic 
acid to rats provided with lymph fistulas. About 20 per cent of 
the radioactivity in the lymph was present as phospholipids, but 
in corresponding experiments with labelled triglycerides only 
about 3 per cent of the lymph activity was found in the phospho- 
lipids. Their interpretation of these results was that a significant 
portion of fed phospholipids is absorbed without total hydrolysis. 


We have previously studied (BLOMSTRAND 1954a) the absorption | 
of phospholipids in lymph fistula rats after feeding phospholipids | 
labelled in the glycerol, fatty acids or phosphate part. The experi- | 


mental data demonstrated that phospholipids are hydrolyzed to | 


a considerable extent during their absorption in the rat. The | 


results from the experiments with phospholipids and glycerides 
labelled in the glycerol portion indicated an interconversion of 
these lipids during absorption. In the present paper these results 
have been extended. Phospholipids containing oleic acid-1-*C, 
palmitic acid-1-C and “C-glycerol or palmitic acid-1-"*C and *P 
have been fed to rats with lymph fistulas. 


Experimental. 


Experiment A. Biosynthesis of phospholipids containg “C-oleic acid: 


The thoracic duct of rats weighing about 250 g was cannulated as | 


described by BercstréM, BLomstranpD and Borestrém (1954). At 
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least 20 hours after the operation the rats were fed 0.5 ml of methyl 
oleate-1-“C by stomach tube. Each rat received about 2.5 -10* c.p.m. 
The lymph was collected for 24 hours and the lymph fat was extracted 
with 20 volumes of ethanol: ether 3:1 and after evaporation of this 
extract in vacuo, the residue was extracted with light petroleum : 
chloroform 2: 1. The total fat was separated into neutral fat and phos- 
pholipids on columns of silicic acid according to BorestROm (1952 a). 
The phospholipids were eluted with chloroform: methanol 1:1. An 
aliquot of this solution was used for determination of phosphorus 
according to Fiske-Subbarow as modified by Brante (1949). Another 
aliquot was used for the determination of fatty acids after hydrolysis 
of the phospholipids by refluxing for two hours in 10 per cent potassium 
hydroxide in 50 per cent methanol. After acidification with dilute 
hydrochloric acid the fatty acids were extracted with light petroleum 
and directly plated on aluminium planchets in an infinitely thin layer. 
Phospholipids biosynthesized in this way with labelled oleic acid con- 
tained the “C-activity in the unsaturated fraction after separation of 
the phospholipid fatty acids into saturated and unsaturated fatty acids 
according to BERGstROM och PAABo (1954). 

Appropriate amounts of olive oil were dissolved in the remainder of 
the chloroform: methanol solution and the solvent evaporated in vacuo. 
Rats with the thoracic duct cannulated were then fed 0.5 ml. of olive 
oil containing about 75 mg of labelled phospholipids with a total activity 
of 3.0 - 104 c.p.m. 

Experiment B. Biosynthesis of phospholipids containing “C-glycerol 
and “C-palmitic acid: Rats weighing about 180 g were fed 0.5 mi of 
olive oil containing 7 mg of palmitic acid-1-“C by stomach tube. Each 
rat received about 3.5 - 10° c.p.m. 

After 5 hours the rats were sacrificed by cervical fracture and the 
liver excised and immediately placed in ice-cold buffer solution. The 
liver (5—6 g) was cut in 5—6 pieces and liver slices prepared free-hand 
with a thin razor blade. 500—600 mg of tissue was incubated at 37° for 
2 hours in 50 ml flasks containing 5 ml of Krebs-Ringer phosphate 
buffer, pH 7.4 and 0.2 ml of a water solution containing 0.18 mg of 
glycerol-1-“C with a total activity of 2.4- 10° c.p.m. The gas phase was 
air. Following incubation the reactions were stopped by placing the 
flasks in hot water. The slices were finely dispersed in a Waring blendor, 
filtered and washed with water several times. The total fat was ex- 
tracted with 20 volumes of ethanol : ether 3:1. The solution was fil- 
tered and reduced to a few ml in vacuo. The concentrate was extracted 
several times with light petroleum and was again concentrated to a few 
ml under reduced pressure. In order to remove any free radioactive 
glycerol, a drop of inactive glycerol was added and enough ethanol to 
give a homogeneous solution. This solution was warmed and the light 
petroleum and ethanol evaporated in a stream of nitrogen. The mixture 
of total fat and glycerol was again taken up in light petroleum and 
washed with water several times. In control experiments under the 
same experimental conditions as described above in which the tissue 
was heated immediately, this technique was found suitable to remove 
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radioactive free glycerol added. The light petroleum solution was dried 
with anhydrous Na,SO, and again concentrated and the phospholipids 
were precipitated twice with ice-cold acetone. The phospholipids were 
finely dissolved in chloroform and brought to volume. Aliquots of this 
solution were taken for analyses of phosphorus, fatty acids and fatty 
acid-“C as described above. The acidified solution containing the glyc- 
erol portion of the phospholipids was made to volume and aliquots of 
this solution were plated directly on aluminium planchets. It was 
found that about 60 per cent of the activity in the phospholipids was 
contained in the fatty acids and about 40 per cent in the glycerol por- 
tion. 


An appropriate amount of olive oil was added to the solution of the 
phospholipids and the chloroform solution was evaporated in vacuo. 
Lymph fistula rats were then fed 0.5 ml of this solution containing about 
100 mg of labelled phospholipids with a total activity of 1.5 - 105 c.p.m. 

Experiment C. Biosynthesis of phospholipids containing “C-palmitic 
acid and *P: Three rats weighing about 180 g were fed by stomach tube 
0.5 ml of olive oil containing 4 mg of palmitic acid-1-“C with a total 
activity of 2.0-10® c.p.m. At the same time they were given intra- 


peritoneally a large dose of *P as Na,HPO, (95 wC/rat). After 7 hours | 


they were killed, their livers excised and the total fat extracted with | 
ethanol : ether 3:1. After evaporation of this extract in vacuo, the | 
residue was extracted with boiling light petroleum. 

This solution was then washed with 1-N hydrochloric acid in order ! 
to remove inorganic phosphate and then washed several times with 
water. The phospholipids were precipitated three times with ice-cold | 
acetone and the precipitate thoroughly washed with acetone. Finally | 
the phospholipids were dissolved in chloroform and the volume made 
to 50 ml. Aliquots of this solution were taken for analyses of phosphorus, 
fatty acids and fatty acid-1-C as described above. The acidified sapo- | 
nified solution was made to volume and aliquots of this solution were | 
plated directly in an infinitely thin layer for determination of *P. | 
Appropriate amounts of olive oil were dissolved in the chloroform solu- 
tion and the solvent was evaporated. Lymph fistula rats were then fed 
0.5 ml of olive oil containing about 100 mg of labelled phospholipids. 
Each rat received in this way 2.6-10* c.p.m. as “C-fatty acids and | 
3.9 + 10° c.p.m. as *P-phospholipids. 

Lymph experiments. Male rats weighing about 250 g were used in 
this study. The procedure used for cannulating the thoracic duct was 
that earlier described by BERcstROM, BLoMsTRAND and BorGsTROM 
(1954). The rats were not fasted before insertion of the cannula. Im- 
mediately following cannulation the rats had free access to 1 per cent 
NaCl solution until an adequate lymph flow was obtained. Thereafter 
they were fed 0.64 per cent NaCl solution with 0.04 per cent KCl and 
white fat-free bread. At least 20 hours after the operation 0.5 ml of 
the test mixtures was administered by stomach tube during a light | 
ether anaesthesia and the lymph was collected for the following 24 } 
hours. At this time the rats were killed and the gastrointestinal tract | 
excised. This was combined with the feces collected during the experi- | 
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ment and analyzed for radioactivity after saponification. The amount 
of radioactivity absorbed was determined from the difference between 
that administered and that recovered in the gastrointestinal tract and 
collected feces. 

Fractionation of lymph lipids. The lymph fat was extracted with 20 
volumes of ethanol : ether 3:1 and after the evaporation of this extract 
in vacuo the residue was extracted with light petroleum: chloroform 
2:1. The total fat was separated into neutral fat and phospholipids 
on columns of silicic acid according to Borastr6m (1952 a). The solu- 
tions of neutral fat and phospholipids were made to volume and ali- 
quots were taken for radioactivity assay. 

The neutral fat was saponified by refluxing with alcoholic potassium 
hydroxide. The fatty acids were extracted with alkaline 50 per cent 
ethanol and reextracted with light petroleum. The fatty acids were then 
directly plated in infinitely thin layer on aluminium planchets and 
counted. In experiment B the remaining acidified solution containing 
the glycerol portion of the triglycerides was made to volume. Aliquots 
of this solution were directly plated on aluminium planchets in infinitely 
thin layer and the total activity of the fraction calculated. 

Samples of phospholipids were refluxed with 10 per cent potassium 
hydroxide in 50 per cent methanol and the fatty acids extracted with 
light petroleum after acidification. The aqueous solution containing 
the glycerol portion of the phospholipids was made to volume. Aliquots 
were directly plated on aluminium planchets in infinitely thin layer for 
determination of the “C-activity in the glycerol part (Experiment B) 
and the *P-activity in the phosphate part of the phospholipid molecule 
(Experiment C). 


Results. 


Experiment A. From 87 to 92 per cent of the 14C-oleic acid con- 
tained in the fed phospholipids was absorbed (Table 1). Of the 
absorbed activity 59—76 per cent was recovered in the lymph 
lipids in 24 hours. From 15 to 23 per cent of the activity in the 
lymph was found in the phospholipids and the remainder in the 


Table 1. 


Recovery and distribution of activity in lymph lipids after feeding phos- 
pholipids containing “C-oleic acid dissolved in olive oil to rats. 


ia ean of | Per cent of ab- Per cent of lymph activity 
Rat no fed activity | sorbed cotevity recovered as 
| recovered in 
| lymph lipids Neutral fat | Phospholipids 


| 
| 
| 
| 9 92 59 83 17 
10 87 62 77 23 
11 90 76 85 15 
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neutral fat. In figure 1 comparison is made of the partition of 
the activity in the lymph lipids after feeding phospholipids con- 
taining 1*C-palmitic acid (BLoMsTRAND 1954a) or C-oleic acid and 
glycerides containing 'C-palmitic acid (BorastR6m 1952 b) or 
14C-oleic acid (BERGSTROM, BLOMSTRAND and Borastr6 1954). 


PERCENTAGE OF TOTAL LYMPH ACTIVITY 


SUBSTANCE 50 190 % 
FED 


A J 


D TRIGLYCERIDES 
PHOSPHOLIPIDS 


Fig. 1. Partition of 'C-activity in lymph lipids after feeding to rats dissolved 

in olive oil A. Phospholipids containing '*C-palmitic acid, B. Phospholipids 

containing ‘C-oleic acid, C. Triglycerides containing 'C-palmitic xcid or D. 
Triglycerides containing 14C-oleic acid. 


Experiment B. In the experiments with phospholipids labelled 
in both the fatty acid and the glycerol portion (Table 2) 51—72 
per cent of the fed “C-fatty acid was recovered in the lymph 
lipids. From 34 to 39 per cent of the 4*C-glycerol contained in the 
fed phospholipids was recovered in the lymph lipids. From 80 to 
86 per cent of the activity in the lymph fatty acids was found 
in the neutral fat and from 14 to 20 per cent in the phospho- 
lipids. Of the activity in the lymph glycerol 55—64 per cent was 
found in the neutral fat and 36—45 per cent in the phospholipids. 

Experiment C. After feeding phospholipids containing 1C-fatty 
acids and *#P (Table 3) 50—81 per cent of the absorbed 14C-fatty 
acid was recovered in the lymph. Of the absorbed *P contained 
in the phospholipids 10—11 per cent was recovered in the lymph 
phospholipids. The partition of 1C-activity in the lymph lipids 
was the same as in earlier experiment after feeding phospholipids 
containing ™“C-fatty acids. 
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Table 2. 


Recovery and distribution of activity in lymph lipids after feeding phos- 
pholipids labelled with *C in both the fatty acid and the glycerol portion. 


| >, . . 
Per cent recovery Per cent of activity in Per cent of activity in 


: fatty acids of lymph lymph glycerol 
R in lymph of fed | found in found in 
MC-fatty un | Neutral | Phospho- Neutral | Phospho- 
acid |C-Blycerol, “fat lipids fat lipids 
17 72 34 86 14 5 | 4 | 
Lh 51 39 80 20 64 | 36 | 
Table 3. 


Recovery and distribution of activity in lymph lipids after feeding phos- 
pholipids containing C-labelled fatty acid and **P to rats. 


Absorption of *C and *P; 95 and 96 per cent resp. 


Per cent of absorbed activity | Per cent of “C activity in fatty 


Experiment recovered in lymph lipids as acids of lymph found in 
no. 
MC Neutral fat | Phospholipids 
41 81 11 88 12 
42 50 10 86 14 
Discussion. 


The results of the experiments with phospholipids containing 
4C-oleic acid (Table 1) show that unsaturated fatty acid portion 
of the molecule is efficiently absorbed mainly via the lymph ducts. 
There is no difference between a quantitative pattern of absorption 
of palmitic and oleic acid whether fed as phospholipids or as tri- 
glycerides or as free fatty acids (cf. BerastR6M et al. 1954, Bloom 
et al. 1954, BLOMSTRAND 1954). 

After absorption most of the labelled fatty acids fed in phos- 
pholipids were recovered in the lymph lipids (Figure 1). The major 
part of the activity in the lymph lipids was obtained in the glycer- 
ides but both after feeding phospholipids containing labelled 
palmitic acid and labelled oleic acid a significantly greater amount 
of activity was obtained in the phospholipids than after feeding 
these acids as glycerides or as the free acid (cf. BLoom et al 1954, 
BLOMSTRAND 1954a). When labelled palmitic acid was fed as the 
glyceride or as the free acid only about 3—4 per cent of the radio- 
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activity in the lymph lipids was associated with the phospholipid 
fraction (BorGsTROM 1951, Boom et al. 1954, BLomstRAND 1954). 
After feeding labelled oleic acid as triolein or as the free acid only 
about 2 per cent of the activity in the lymph was recovered in the 
phospholipids (BerGsTROm et al. 1954). In the experiments with 
phospholipids containing labelled palmitic acid an average of 16 


| 


per cent of the lymph activity was obtained in the phospholipids | 


(BLoMstRAND 1954a) and after feeding phospholipids containing 


labelled oleic acid an average of 18 per cent of the lymph activity | 


was obtained in the phospholipids. These results are thus in 
accordance with those of BLoom et al. (1954) using phospholipids 
containing labelled palmitic acid. It must be pointed out that the 
amount of fatty acids which was in the form of phospholipids in 
the collected lymph was 10—15 per cent of the total fatty acids 
in the lymph. This is about the same value which has been found 
during the absorption of free fatty acids or glycerides BorastROM 
(1952). In this connection it must also be mentioned that BLoom 
et al. (1954) after feeding ‘C-labelled tripalmitin together with 
unlabelled phospholipids obtained the same partition of the 
activity in the lymph lipids as after feeding labelled tripalmitin 
alone. The results presented thus indicate that a very extensive 
hydrolysis of the phospholipids takes place during the absorption 


process but also that total hydrolysis need not necessarily occur. | 


The finding in this investigation that there was no difference in 


the partition of the lymph activity after feeding phospholipids | 


containing labelled oleic or palmitic acid is of interest in connec- 


tion with the results of HANAHAN (1954), which indicated that , 


the lecithin of rat liver only had unsaturated fatty acids in a-posi- 
tion and saturated fatty acids in f-position. It is also interesting 


that labelled stearic acid is incorporated to a greater extent into | 


the phospholipids of the intestinal mucosa and intestinal lymph 
than labelled oleic acid (cf. Borastr6mM 1952 c and BerestROm 
et al., 1954). It is therefore important to investigate the structure 
of the phospholipids of the intestinal mucosa and the intestinal 
lymph during fat absorption. 

The results of the experiments with phospholipids labelled in 
the fatty acids and the glycerol portion show that there is a greater 
recovery in the lymph of the fed phospholipid fatty acids than 
of the glycerol moiety. Apparently part of the phospholipid fatty 


acids is set free from the glycerol during the absorption process | 


and the hydrolysis products partly absorbed via different path- 
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ways. But as a large amount of the C-activity in the glycerol 
portion of the phospholipids fed was obtained in the glycerides 
of the lymph these must have been synthesized from mono- or 
diglycerides. This suggestion is supported from experiments with 
free labelled glycerol by Favarcer and CoLiet (1950) and by 
BERNHARD et al. (1952) which have shown that this substance is in- 
corporated only to a small extent into the triglycerides or phospho- 
lipids of the intestinal mucosa or lymph during fat absorption. 

The specific activity of the lymph glyceride glycerol was only 
about 5 per cent of that of the fed phospholipid glycerol, and 
therefore only a minor amount of the lymph glyceride glycerol 
was derived from the fed phospholipid glycerol. But on the other 
hand the “C-activity recovered in the lymph glyceride glycerol 
represented 20—25 per cent of the total activity of the fed phos- 
pholipid glycerol. A considerable part of the fed phospholipids 
had therefore been hydrolyzed during the absorption process; 
moreover about 60 per cent of the total C-labelled glycerol 
recovered in the lymph had been absorbed as mono- or diglycerides. 
These findings confirm the results of Reiser, Bryson, Carr and 
KuIKEN (1952) and BERNHARD, WaGNER and Ritzet (1952) which 
indicated that a large part of the labelled glycerol of fed triglycer- 
ides was absorbed as partial glycerides. 

The relative specific activity of the lymph phospholipid glycerol 
was about 30 per cent. There had thus been a dilution of the ab- 
sorbed labelled phospholipids with phospholipids from other 
sources. It has also been shown by REINHARDT, FISHLER and 
CHarkorF (1944) that thoracic duct lymph of dogs contained a 
significant amount of phospholipids derived from the plasma. 
Lymph phospholipids are also partly derived from phospholipids 
synthesized in the small intestine as demonstrated by experiments 
with labelled fatty acids (BLoom, CHarkorr, REINHARDT and 
DavuBEN 1951 and Borestrém 1951). According to these data 
only about 15 per cent of the fed phospholipids had been ab- 
sorbed without previous splitting of the glycerol phosphate link- 
ages. The experiments with the *P-labelled phospholipids also 
support this suggestion since about 10 per cent of the **P-phospho- 
lipid was recovered in the lymph phospholipids. 

The results of the experiments with phospholipids containing 
4C-fatty acids and *P confirm earlier preliminary observations 
(BLoMSTRAND 1954a) that a certain amount of fed **P-phospholipid 
can be recovered in the lymph phospholipids. These results thus 
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seem to indicate that some phospholipids were absorbed without 
splitting of the glycerol phosphate bond. Most of the ester linkages 
between the glycerol and the phosphorus in the phospholipid 
molecules must, however, be split during the absorption process. 
These results also support the suggestion that the remaining part 
of the phospholipid molecule, 7. e. a mono- or diglyceride is re- 
utilized for the formation of phospholipids or triglycerides or else 
degraded further to free fatty acids and glycerol. 


Summary. 


The intestinal absorption of phospholipids has been studied 
after feeding rats with lymph fistulas phospholipids containing A. 
oleic acid-1-4C, B. palmitic acid-1-"C and C-glycerol or C. palmitic 
acid-1-4C and #P. 

The recoveries of the absorbed radioactivity in the thoracic 
duct lymph was about the same whether ‘C-labelled palmitic 
acid or 14C-labelled oleic acid was incorporated into the phospho- 
lipids administered. The major part of the activity in the lymph 
lipids was associated with the glycerides, but after feeding, phos- 
pholipids containing either labelled palmitic acid or labelled oleic 
acid, a significantly greater amount of activity was obtained in 
the phospholipids than after feeding these acids as glycerides or 
as the free acid. 

A small amount of the lymph glyceride glycerol is Gerived from 
the fed phospholipid glycerol suggesting a synthesis from a partial 
glyceride. 

The relative specific activity of the lymph phospholipid glycerol 
was about 30 per cent indicating that a significant amount of 
the fed phospholipids had been absorbed without previous splitting 
of the glycerol phosphate linkages. The experiments with *P- 
labelled phospholipids support this suggestion. 

The experimental data thus indicate that a very extensive 
hydrolysis of the phospholipids takes place during the absorption 
process, but also that complete hydrolysis does not necessarily 
occur. 


I am indebted to Professor SuNE Berestr6m for placing the labelled 
compounds at my disposal. 
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of the University of Lund, and “Knut och Alice Wallenbergs Stiftelse’’. 
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On the Intestinal Absorption of Phospholipids 
in the Rat in the Absence of Bile. 
By 
ROLF BLOMSTRAND. 


Received 3 February 1955. 


Recently it has been shown by SrpersTern, CHAIKOFF and 
REINHARDT (1952) and Boreastrém (1953) that in the absence 
of bile from the small intestine only a small percentage of fed 
4C-labelled palmitic acid appears in the intestinal or thoracic 
duct lymph. As shown from analyses of the feces a rather large 
amount of the fed labelled fatty acid had nevertheless been 
absorbed. This finding was in accordance with earlier work by 
Munk (1880) and by SHaprro, Koster, RITTENBERG and ScHOEN- 
HEIMER (1936). 

Little is known concerning the réle played by the bile in the 
absorption of phospholipids. Herntern (1933) stated, after 
feeding lecithin to dogs with a bile fistula, that phospholipids 
are not absorbed in the absence of bile. In order to elucidate 
the absorption of phospholipids in the absence of bile with more 
sensitive methods, this problem has been investigated with 
phospholipids containing “C-fatty acids that were fed to rats 
with both the thoracic duct and the bile duct cannulated. 


Experimental. 


Phospholipids containing labelled fatty acids were biosynthesized 
by feeding rats palmitic acid-1-“C and were isolated from the livers 
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as described in preceding papers (BLoMSTRAND 1954, 1955). The labelled 
phospholipids were dissolved in appropriate amounts of olive oil and 
this mixture was then administered to rats with both the thoracic 
duct and the bile duct cannulated. Each rat received 0.5 ml olive oil 
containing about 100 mg of labelled phospholipids with a total activity 
of 2.0-105 c. p.m. and the thoracic duct lymph was collected for the 
following 24 hours. 

The thoracic duct was cannulated as previously described (BERG- 
sTROM et al. 1954). The bile duct was cannulated above the entrance 
of the pancreatic ducts, thus allowing a free flow of pancreatic juice 
to the intestine. At least 24 hours after the bile fistula had been es- 
tablished the test mixture was administered by a stomach tube under 
a light ether anaesthesia. 

The total fat from the collected lymph was extracted with alcohol: 
ether 3:1 and subjected to chromatography on silicic acid according 
to Borestr6M (1952). The gastrointestinal tract and the collected feces 
were analyzed for determination of unabsorbed radioactivity. The 
chemical methods and the isotopic analyses used were essentially the 
same as described in previous papers (BERGSTROM, BLOMSTRAND and 
Borestrom 1954, Bromstranp 1954, 1955). 


Results and Discussion. 


The results of the experiments are summarized in Table 1. 
An average of 68 per cent of the fed activity was absorbed. In 
contrast to the finding of HernLern (1933) in dogs, the results 
from the present investigation show that in the absence of bile 
rats are still able to absorb the fatty acids of phospholipids tc 
a considerable extent. In experiments in which phospholipids 
labelled with “C-palmitic acid or “C-oleic acid were fed to rats 
with only the thoracic duct cannulated the percentage of absorp- 


Table 1. 


Recovery and distribution of activity in lymph lipids after feeding phos- 
pholipids containing “C-labelled palmitic acid to rats with cannulae 
in both thoracic duct and bile duct. 


Per cent of Per cent of lymph activity 
sorbed activity obtained in 


ahesrbed lymph lipids Neutral fat | Phospholipids 


88.5 17.0 83.2 16.8 
51.5 33.9 87.3 12.7 
re 59.5 29.1 83.5 16.5 
72.5 24.4 84.0 16.0 


| M. 68.0 | M. 26.1 M. 84.5 M. 15.5 
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tion was 82 and 90 per cent respectively (BLOMSTRAND 1954, 1955). 
There was thus only a minor impairment in the absorption in 
the absence of bile. 

Twenty-six per cent of the absorbed activity was recovered in 
the lymph lipids. The corresponding figures for the recovery of 
phospholipids labelled with “C-palmitic or “C-oleic acid in rats 
with intact bile flow to the intestine were 67 and 66 per cent 
respectively. Like the experiments of SiPERSTEIN et al. (1952) 
and Borestrém (1953) these present results suggest that the 
normal absorption mechanism of transporting the long-chain 
fatty acids as triglycerides via the lymphatic route operates less 
efficiently in the absence of bile. 

In the present investigation about 85 per cent of the lymph 
activity was recovered in the neutral fat and about 15 per cent 
in the phospholipids. The distribution of the activity in the 
lymph lipids thus showed the same pattern as with a normal 
bile flow into the intestine (BLoMSTRAND 1954, 1955, Boom et al. 
1954). Apparently a synthesis of neutral fat from hydrolysis 
products of the fed phospholipids had taken place during the 
absorption process. The results thus indicate that bile is not 
obligatory for hydrolysis of phospholipids even if some aspects 
of the absorption process are at least quantitatively changed. 


Summary. 


The intestinal absorption of phospholipids containing ‘C- 
labelled fatty acids has been studied in rats with both the thoracic 
duct and the bile duct cannulated. 

In the absence of bile from the intestine about 68 per cent of 
the fed activity is absorbed, indicating that bile is not obligate 
for the absorption of fatty acids fed incorporated into phos- 
pholipids. Only about one third of the absorbed labelled fatty 
acids were transported via the thoracic duct as compared with 
the normal condition. 

The incorporation of the absorbed fatty acids into the neutral 
fat and the phospholipids of the lymph showed the same dis- 
tribution whether bile was present or not. 


This work has been supported by a grant from the Medical 
Faculty of the University of Lund and by “Knut och Alice 
Wallenbergs Stiftelse’’. 


AR 
BEI 
| Buc 
Buc 
| Bot 
| — 
He 
Mu 
| SH: 
Sip 
| 


INTESTINAL ABSORPTION OF PHOSPHOLIPIDS. 161 


References. 


Artom, C. and M. A. Swanson, J. Biol. Chem. 1948. 175. 871. 

Berestrom, S., R. BLomstranp and B. Borastrém, Biochem. J. 
1954. 58. 600. 

BLoMSTRAND, R., Acta Chem. Scand. 1954. 8. 1945. 

— Acta Physiol. Scand. 1955. 34. 

Bioom, B., J. Y. Kryasu, W. O. Reryuarpr and I. L. Cuarkorr, 
Amer. J. Physiol. 1954. 177. 84. 

Borestrom, B., Acta Physiol. Scand. 1952. 25. 101. 

— Ibidem 1953. 28. 279. 

HEINLEIN, H., Z. ges. exp. Med. 1933. 97. 638. 

Munk, I., Arch. path. Anat. 1890. 122. 302. 

Suapiro, A., H. Koster, D. RirrenBperG and R. ScHOENHEIMER, 
Amer. J. Physiol. 1936. 117. 525. 

SrpersTEIN, M. D., I. L. Cuatxorr and W. O. Rernuarnpt, J. Biol. 

Chem. 1952. 198. 111. 


5). | 

in 
in | 
of ) 
ats | 
ent | 
2) 
she 
ain 
ess 
ph | 
ant 
she 
nal 

al. — 
sis | 
che | 
10t 
cts 
ed. | 
cic 
of 
ite | 

ty 
th j 
-al 
is- 
al 
ce 


From the Institute of Physiology and the Institute of 
Pharmacology, University of Upsala, Sweden. 


The Effect of Deuterium Oxide (Heavy Water) 
on Conduction Velocity in Isolated Frog Nerve. 
By 
L. GARBY and P. NORDQVIST:.! 


Received 9 February 1955. 


Few investigations have been made concerning the influence 
of deuterium oxide on peripheral nerve function. Using nerve- 
muscle preparations from frogs, VERzAR and HaFFTEeR (1935) 
found no blocking effect nor any effect on conduction velocity 
when the nerve was bathed for 15 minutes in a Ringer’s solution 
containing 99.2 per cent deuterium oxide. Using the same tech- 
nique, HERRMAN (1939) confirmed this finding as far as absence 
of blocking action was concerned. The test solution used by him 
contained 99.5 per cent deuterium oxide., 

The absence of any effect on the conduction velocity as reported 
by the above-mentioned authors is not in harmony with modern 
concepts of conduction in peripheral nerves, unless it is assumed 
that the nerve membrane is impermeable to deuterium oxide, 
an assumption which on a priori grounds seems unlikely. It 
was therefore felt that a reinvestigation of the effect of deuterium 
oxide on conduction velocity in the A-fibres of isolated frog 
nerve should be undertaken in order to clarify the situation. 


Methods. 


Isolated sciatic nerves from winter frogs (Rana temporaria) were 
used exclusively. The nerves were placed in Ringer’s solution for about 
half an hour before mounting on the electrodes. In some of the experi- 
ments, the connective tissue sheath of the nerve was removed. 


1 Present address: Medical clinic I, Sahlgren’s hospital, Gothenburg. 
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The Ringer’s solutions used were of two kinds. Each solution con- 
tained 0.647 % NaCl, 0.0186 % KCl, 0.0200 % NaHCO, and 0.0120 % 
CaCl,, but one was made up with distilled water and the other with 
a water containing 99.97 per cent deuterium oxide (“Norsk Hydro’’). 
These solutions will in the following be called H,O-Ringer and D,O- 
Ringer respectively. The pH of the solutions varied between 6.8 and 
7.0. In each experiment, however, test and control solutions had the 
same pH within 0.1 unit. 

The nerves were placed in contact with the test solutions in three 
different ways. In the first series of experiments, the nerve passed 
through a cylindrical bath, 2 cm in diameter and 3.5 ml in volume, 
containing the solutions. Stimulating electrodes were placed on one 
side of the bath and recording electrodes on the other. These experi- 
ments were carried out in an atmosphere of pure oxygen. In the second 
series of experiments, the whole nerve, mounted on the electrodes, 
was immersed in the test solution. The fluid volume in this case was 
20 ml. During the actual recording, the electrodes with the nerve 
were lifted out of the bath into air. In the third series of experiments 
the nerve was left immersed in the solution (15 ml) also during the 
recording. This could be made by allowing the distal end of the nerve 
to pass through a hole, 11 mm long and 0.5 mm in diameter, in a Per- 
spex block and the proximal end through a hole of the same length 
and with a diameter of 0.8 mm. Stimulation and recording was made 
in these regions of the nerve by means of silver electrodes inserted in 
the blocks 7 mm apart. The distance between the stimulating cathode 
and the grid lead varied between 50—76 mm. Conventional methods 
for oscillographic recording were used. Supramaximal stimulation was 
given with a frequency of 1 per second, but during photographic 
recording a frequency of 10 per second was used. All experiments 
were photographed using an exposure time of 1 second. The apparatus 
used was described by Norpgvist (1954). 

The experiments were carried out at room temperature (19.5°— 
22.0° C). The variation in temperature during each experiment was 
less than 1.0° C. 

In most experiments the nerve was first placed in H,O-Ringer 
and two recordings were made 5 minutes apart. After that, the nerve 
was immersed in D,O-Ringer and recordings were taken every 5th 
minute for some time. Thereafter, the nerve was again immersed in 
H,0-Ringer and recordings taken every 5th minute. In some experi- 
ments, the conduction velocity was recorded each minute during the 
first five minutes after changing the solution and in one experiment 
every 10th second of the first minute after changing to D,O-Ringer, 
which took 25 seconds. 


Results. 


Twenty-three experiments were carried out. In all these experi- 
ments a decrease in conduction velocity was noted during treatment 
with D,O-Ringer. The effect was always reversible. The results 


12—553010. Acta phys. Scandinav. Vol. 34. 
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20 40 60 sec 


D20 RINGER RINGER 
0 25 50 75 100 125 minutes 


Fig. 1. This figure is a graphical representation of the experiments 8 (full line) 

and 9 (dotted line). Ordinate: conduction velocity. Abscissa: time. The arrows 

ndicate immersion in D,O-Ringer and H,O-Ringer respectively. The insert shows 

the time course of conduction velocity during the first minute after immersion 
in D,O-Ringer of the nerve in experiment 9. 


of the second and the third series of experiments, 7. e. with the 
whole nerve in contact with the test solution, are shown in table 1. 
Figure 1 shows the result from experiments no. 8 and no. 9, and 
a graph of the recordings taken every 10th second of the first 
minute after changing to D,O-Ringer in experiment no. 9 is shown 
as an insert. 

The table and the figure show that the decrease in conduction 
velocity is close to maximal already after 5 minutes and that 
normalisation during reimmersion in H,O-Ringer takes place at 
about the same rate. The magnitude and the rate of decrease is 
approximately the same in intact nerves and those without 
sheath. In the experiments where recordings were made with 
nerves immersed in 15 ml of liquid, the effect seems to be slightly 
larger than the corresponding effect obtained when the recording 
was made in air, with only a thin film of liquid adhering to the 
nerve. 

The effect of deuterium oxide on the magnitude of the action 
potential is shown in figure 2. No measurable effect is seen after 
2.5 hours of immersion in D,O-Ringer. The small biphasic change 
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Table 1. 
| | Time after Per cent decrease from initial velocity in H,O-Ringer 
Recording in air Recording in liquid 
solution. Un- Intact | Un- 
Minutes sheathed | nerve | sheathed 
H.O-Ringr) 65 | 0 000! 00! 00] 0 0 
2 0 8 10 11 10 | 16 16 
| 3 3 10 13 15 14 | 17 19 
4 5 10 13 139 16 | 1 2 
5 9 9 2 10 10 14 21 20 | 20 21 
| D,O-Ringer| 10 15 19 26 18 10 14 24 23 | 20 21 
| | 15 15 19 26 18 | 10 15 | 26 23 | 20 21 
20 26 
| 25 26 
| 30 26 25 
| 60 26 25 | 
| 1 | 18 3 10 | 19 19 8 16 
| 2 13 ; & 17 16 6 12 
3 10 0 3 17 14 5 8 
| 4 8 0 0 § 
5 1 0 2 2 
| H,O-Ringer| 10 o-oo @ 0. 0 9 2 0 0 
15 o & 6 O 6 0 
| 20 4 
| 25 0 
30 0 0 
| 60 | 0 0 
| Initial 
velocity 
in H,0- 20 20 18 16 20 20 19 18 sh a 
| Ringer 
m/sec. 


of the action potential after this period, indicated in the centre 
of the picture, is to be expected since the injured part of the 
nerve was not immersed in KCl. 


Discussion. 


Working with isolated single nerve fibres from Carcinus maenas, 
Hope@kin (1939) and Katz (1947) showed that an increase in 
the resistance of the surrounding medium causes a decrease in 
the velocity of propagation. These experiments support strongly 
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Fig. 2. Photographic recording of the action potential a) before and b) after | 


immersion for 2.5 hours in D,O-Ringer. c) 1,000 periods/sec. 


the local circuit theory of nervous transmission, the essential 
points of which are assumed to be valid also for myelinated 
fibres. The following discussion is based on this theory. 
Impulse transmission in peripheral nerves depends on rate 
processes such as chemical reactions and transport of ions and 
molecules. The effect of deuterium oxide on such processes is 
generally assumed to be an increase in the energy of activation 
of the process. Thus, the ratio between the specific conductance 
of an approximately 100 mM NaCl solution in H,O and D,0O is 
1.23 at 18° C (Tronstap and SToKLAND 1937). This is in accord- 
ance with the generally accepted view that the velocity of ion 
transport processes is dependent on the viscosity of the medium, 
the ratio of the viscosity between D,O and H,O being 1.25 at 
20° C. The effect of increased viscosity on ion transport velocity 
is also reflected in the temperature coefficient for diffusion, 
which is about the same as that for viscous flow. The replacement 
of H,O with D,O in the present experiments is, from the point 
of view of ion transport in a watery medium, equivalent to a 
decrease in temperature of about 10°C. Now, the temperature 
coefficient, Qi, of conduction velocity in isolated frog nerve has 
been estimated to be 1.78 (Lucas 1908). The present experiments 
however show a decrease in conduction velocity of only about 
20 per cent after equilibration with D,O-Ringer. This indicate: 
that there are, in addition to ionic migration, other processes, 
the rates of which are affected by temperature changes rather 
than by changes in viscosity in the water phase. A reasonable 
guess would be that these processes are chemical reactions, most 
of which have temperature coefficients between 2 and 4. How- 
ever, it must be remembered that comparatively little is known 
about the activation energies for ion migration across barriers 
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which contain little or no water. Such processes probably have 
temperature coefficients larger than 1.5 (cf. Davson and DaNIELLI 
1952), and they might well be relatively unaffected by the in- 
troduction of deuterium oxide. 

The site of action of the deuterium oxide cannot be evaluated 
at present because no complete theory exists that can relate 
propagation velocity in myelinated fibres with those parameters 
which are supposed to be changed in the present experiments 
(cf. RusHTon 1952). However, an effect on the membrane and/or 
the axoplasm is most probable since the effect on outside electrical 
resistance is negligible on account of the very large outside 
volumes in experiments 7—10. 

The reason why VERzAR and Harrter (1935) did not find any 
effect probably depends upon the lower sensitivity of their 
recording system. 

The experiments furthermore provide data concerning the 
permeability of the myelin sheath to water. Let us assume that 
at least part of the decrease of conduction velocity is due to the 
entrance of deuterium oxide into the axoplasm. Since conduc- 
tion velocity becomes constant within 5 minutes in an unsheathed 
nerve, virtually complete exchange equilibrium for water between 
the axoplasm and the external medium must be reached within 
that time. An approximate estimation of the resistance of the 
myelin sheath to water diffusion may then be carried out as 
follows: If it is assumed that the myelin sheath is impermeable 
to water, the axoplasm will exchange its water only by way of 
the nodal membrane. If the axoplasm immediately under this 
membrane contains D,O at a concentration c,, the concentration 
of D,O, c, at any point and time in the axoplasm between the 
nodes will be given by the following solution of Fick’s law for 
one-dimensional diffusion: 


x 

= -, x is the distance from the node, D is the 

integral binary diffusion coefficient for the system D,O—H,0 and 

t is the time. The use of the “free” diffusion coefficient for D,O 


where y = 


1 We wish to express our thanks to Dr. W. A. H. Rusuton, F. R. S., for dis- 
couraging from proceeding with any interpretations in this respect. 
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in the present case is justified by the fact that Hope@Kin and 
Keynes (1953) found the mobility of potassium ions in the 
axoplasm of Sepia to be very close to that in water. 

For x = 1 mm (half the internodal length) and t = 5 minutes, 
c is found to be only 38 per cent of c., the latter being assumed 
constant during this time. It is thus seen that water penetration 
across the myelin sheath makes up for at least the lacking 62 
per cent at the central portion of the internodal region, even if 
we assume that, from the very start of the experiment, we have 
a constant composition of 100 per cent D,O immediately beneath 
the nodal membrane. These calculations do not say anything 
about the actual permeability of the myelin sheath in terms of 
the diffusion coefficient of water in it, but they certainly seem 
to indicate that the nerve can exchange its water also across the 
myelin sheath. 


Summary. 


The effect of Ringer’s solution containing 99.9 % deuterium 
oxide on the conduction velocity of the A-fibres in isolated frog 
nerves was investigated. 

A decrease in conduction velocity of about 20 % was noted, 
the full effect being reached in about 5 minutes in unsheathed 
nerves and in about twice that time in intact nerves. 

A rapid exchange of water between the nerve and its environ- 
ments could be inferred from the rate of decrease in conduction 
velocity. A considerable part of the exchange must take place 
across the myelin sheath. 
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The Urinary Exeretion of Noradrenaline and 
Adrenaline in Healthy Subjects During 
Recumbency and Standing. 

By 
U. S. VON EULER, R, LUFT and T. SUNDIN. 
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Evidence has been produced lately to show that a functional 
differentiation exists between the physiological actions of adren- 
aline and noradrenaline. Thus adrenaline is selectively released from 
the suprarenal medulla and excreted in the urine during hypo- 
glycemia (DuNéR 1953, EULER and Lurt 1952), while noradrenaline 
is predominantly released during the general pressor reflexes elicited 
by carotid occlusion (KainDL and 1951). 

It therefore seemed of interest to determine whether or not 
the reflex vasomotor activity, known to operate during normal 
standing, is accompanied by an increased excretion of noradrenal- 
ine in urine as a sign of increased production. 


Material and Methods. 


The investigation was performed in 15 healthy students 21—28 
years of age. They were kept in bed in the laboratory during the night 
before the test. They emptied the bladder at 5 a. m. (still lying down) 
and were then allowed to drink a glass of tap water. They were then 
allowed to sleep until 8 a. m. when the bladder was emptied again. 
This 3-hour urine specimen was used for the determination of the ex- 
cretion of catechol amines during recumbent position. At 8 a. m. the 
subject was put on a tilting table which was kept at an angle of 75° 
and maintained in this position for 3—4 hours, while pulse rate and 
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blood pressure were registered at regular intervals. Urine was collected 
at 9, 10 and 11 o'clock, and in 7 out of 15 experiments at 12 o’clock. 

The free catechol amines of the urine were extracted according to 
Ever and Orwewn (1955), and subjected to quantitative assay of 
adrenaline and nordrenaline. As test objects the cat’s blood pressure 
and the hen’s rectal caecum were used. 

In order to exclude effects possibly due to diurnal variations in the 
excretion of catechol amines 10 healthy subjects were studied while 
remaining in the supine position during the whole time of the experi- 
ment, 7. e., from 5 to 12 a. m. The bladder was emptied at 5, 8, 9, 10, 11 
and 12 o’clock. 

In a number of experiments a light meal was given immediately 
before the subjects were placed on the tilting table. This was done in 
order to study whether the fasting to 12 o’clock influenced the excretion 
of adrenaline and noradrenaline. 


Results. 


The excretion of adrenaline between 5 and 8 a. m. with the 15 
subjects in the supine position was 3.9 + 0.9 mug and of noradren- 
aline 10.9 + 1.5 mug per minute. These figures were very similar 
to those observed in the group which remained in the supine 
position during the entire time. Between 5 and 8 a. m. the excre- 
tion of adrenaline in this group was 3.8 + 1.9 myg per minute 
and of noradrenaline 8.5 + 1.9 mug per minute. 

During 75° inclination for 3—4 hours the output of adrenaline 
increased to 12.4 + 1.8 mug and that of noradrenaline to 30.9 + 
4.1 mug per minute (Table I). Figure 1 shows these changes in 
one of the subjects. 


Table I. 


Difference in urinary output of catechol amines before and during tilting. 


Mean excretion 
Position | subjects 1- Time o'clock 
myg/min. myg/min. 
| 
| Recumbent (be- 
fore tilting) ... 15 3.9 + 0.9 10.9 + 1.5 | 05.00 — 08.00 
Standing 
(tilted 75°)... 15 12.4 + 1.8 30.9 — 4.1 | 08.00 — 11.00 
| (12.00) 
| Diff. 8542.0 | 20.04 4.4 


| ‘P= < 0.001 
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URINARY EXCRETION OF ADRENALINE 
AND NOR-ADRENALINE AT REST AND 


DURING TILTING, BN-L. 
79 MPG/ MIN. 12/53, 
60- 

50 
40 4 
30 + 
20 + 
Uj 
la 


TIME 
5 6 9 10 11 0°CLOCK 
AM. 


TILTING,+ 75 ° 
ADRENALINE 
NOR-ADRENALINE 


Fig. 1. Effect of tilting + 75° on the urinary excretion of adrenaline and nor- 
adrenaline in subject B. N. Ordinate myg/min.; Abscissa Time, hours. 


When these figures are compared with those obtained in the 
group which remained in the supine position very marked differ- 
ences are observed. In this group the excretion between 8 and 
12 a. m. was only 4.7+ 0.7 and 12.3-+ 3.1 mug per minute 
respectively indicating that the shift from supine to erect posi- 
tion caused a considerable extra output of catechol amines (Table 
II). 
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Table II. 


Urinary output of catechol amines during 7 hours in recumbent position. 


Mean excretion | 
subjects _l-adrenaline 1-noradrenaline Time 
myg/min. myg/min. 
Lying in bea 
(asleep) ....... 10 3.8+1.2 | 8.5 +1.9 | 05.00 —08.00 | 
Lying in bed 
(awake) ....... 10 4.7 + 0.7 12.3 + 3.1 | 08.00 —12.00 
Diff. 0.9 + 1.4 3.8 + 3.6 


During the first minutes after assuming the erect posture the 
systolic blood pressure of the subjects decreased by 10—15 mm 
Hg, in no case, however, reaching a value below 100 mm Hg. 
The systolic pressure then returned to the initial value where it 
stayed for the remaining part of the period of standing. The di- 
astolic pressure remained unchanged in most of the tests; a slight 
increase was observed in only a few subjects during standing. 
The pulse rate increased by 15—25 per minute during the change 
of position and remained at this increased level. 

None of the subjects noted any marked inconveniences during 
standing for 3 or 4 hours. 

In the group which remained in bed the pulse rate and blood 
pressure remained unchanged during the test. 


Discussion. 

The urinary excretion figures for adrenaline and noradrenaline 
during the control period with the subjects in recumbent position 
agree well with the values obtained during night hours by EuLER 
and LunpBerG (1954) and and 
ORWEN (1955). 

The considerably increased excretion figures of noradrenaline 
during standing as compared with those obtained during the 
same hours during recumbent position indicates that the effect is 
elicited by the change in position. Since the noradrenaline excre- 
tion in urine gives a relative measure of the release in the body, 
the results strongly suggest that the increased excretion is in- 
duced by a stimulation of the noradrenaline-producing vasomotor 
nerves by the orthostatic fall of the blood pressure, acting over 
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the blood pressure homeostatic reflex mechanisms of the carotid 
sinus and aorta. This interpretation is also supported by the fin- 
dings of Lurr and Ever (1953) that the noradrenaline excretion 
is very low in cases of postural hypotension, where blood pressure 
cannot be maintained. 

The moderate increase in the excretion of adrenaline during 
standing might be due to the muscular stress or inconvenience 
accompanying standing for 3 to 4 hours. When the subjects were 
kept in a recumbent position during the whole test no such in- 
crease appeared. The fasting during the test did not cause this 
increase in urinary adrenaline; it also appeared when the subjects 
were given a meal before standing up. 

Our preliminary data are in agreement with the supposition that 
the blood pressure homeostasis in standing is maintained by a 
reflex stimulation inducing a noradrenaline secretion from the 
vasomotor nerve endings and possibly the adrenal medulla. 

The increase in noradrenaline excretion during erect posture 
may therefore serve as a test for the degree of orthostatic stress 
imposed upon the organism in this condition. 


Summary. 


Healthy persons placed on a tilting table at an angle of 75 
degrees for 3 or 4 hours show a considerably increased urinary out- 
put of noradrenaline in comparison with the corresponding excre- 
tion in recumbent position. 

The increased production of noradrenaline is interpreted as the 
result of reflex activation of the vasomotor system induced by the 
orthostatic fall of the systolic blood pressure. 

The excretion of adrenaline in urine during the tilting test 
showed a slight to moderate increase probably depending on 
various stress factors (muscular activity, uncomfortable position) 
during standing. 

In none of the 15 tested healthy persons on the tilting table 
(75°) showing increased noradrenaline excretion, did syncope 
occur. 
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From the time one of us (BRULL 1931) devised a convenient 
method for transplanting kidneys in the neck, with a simple method 
for measurement of blood flow and oxygen consumption, we were 
struck by the fact that, whereas arterial pressures below let us 
say 100 mm Hg reduce the blood flow through the kidneys, varia- 
tions within or slightly above normal limits usually fail to influence 
the flow (Dor M. and Brut L. 1940). 

This was not a new finding. Unna (1935) reported that clamping 
of the carotid in the dog, while increasing the systemic pressure, 
did not alter the renal blood flow measured with the thermo- 
stromuhr. 

HarTMANN, ORskKov and REIN (1937) confirmed this fact, and 
added that dividing the renal nerves on one side did not modify 
such response. These authors speak of a »mechanism which main- 
tains a constant blood flow in the kidney”’. 

But it was not until we had at our disposal the mechanical heart 
with coagulable blood (BRULL 1950) that we were able to submit 
the kidney, either in situ or transplanted in the neck, and still 
perfused with normal blood from the unoperated animal, to any 
given pressure up to maximum level of resistance of the renal 
capsule (-+- 330 mm Hg), and that we could investigate the 
problem of the renal vascular tone under proper conditions. 


| 
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Our experiments have gone through several stages; we published 
the results of the first three which consisted in the study of the 
behaviour of the blood flow through the kidneys at different 
pressure levels when 


1. transplanted in the neck, in acute experiments (acute dener- 
vation (BruLL and Lovuts-Bar 1953); 

2. perfused in situ, with preservation of the nerves (BRULL and 
Lovuts-Bar 1953); 

3. perfused with blood from hypophysectomised dogs (BRULL 
and Lovuts-Bar 1953). 

The results of those first three stages of our research were, 
mainly: 

1. that in acute transplanted kidneys, the venous output is 
very independent of the arterial pressure, a positive response 
being obtained in only one case out of three, and that, under such 
conditions (chloralose anaesthesia) a progressive vasoconstriction 
develops in the renal vessels (also in one case out of three); 

2. that innervated kidneys do practically not respond, even 
to perfusion pressures over double the normal figures, by a change 
in venous output; 

3. that possibly, as VERNEY pointed out in 1926, the pituitary 
gland contributes to the blood a vasomotor substance which might 
increase the vascular tone of the kidney. 

Yet, when we began using our mechanical heart to study our 
problem, the dominant hypothesis, to us, seemed that the blood 
might convey to the kidney one or several substances (hormones?) 
which regulate the blood flow, while further research, without 
eliminating this hypothesis at all, stressed more and more the 
importance of the renal nerves. 

On the other hand, after the evidence in favour of the hypothe- 
sis that the kidney possesses a peculiar baro-aesthetic device 
regulating its own blood flow, had been confirmed, we thought we 
would suspend our work on kidneys for a while, so as to find 
out whether a similar regulating mechanism exists in other parts 
of the body. 

Experiments on submaxillary glands in the dog (BRULL and 
Louts-Bar 1953), and on the hind limbs of the same animal 
(BRuLL and Lovuts-Bar 1953) showed that even when innervated, 
there seems to be no such mechanism in those parts of the body, 
and that they regularly respond to increasing levels of perfusion 
pressure by an increase of blood flow of the same magnitude. 
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We thought it would be of utmost interest to thoroughly inves- 
tigate the influence of the renal nerves. The object of the present 
paper is to describe and discuss the results of experiments on dogs 
in which pharmacologically denervated kidneys on one hand, and 
chronic denervated kidneys on the other, were submitted, from eighteen 
hours up to one month after aseptic denervation, to perfusion with our 
mechanical heart in order to measure their vascular tone, and to con- 
firm our hypothesis as to existence and nature of a baro-aesthetic 
mechanism in the kidney vessels. 


I. Pharmacological Denervation. 


We tried to eliminate the interference of the renal nerves by 
an i.v. injection of a ganglioplegic drug, Pendiomide * or by 
Scurocaine, immediately after chloralose, and before the kidneys 
were transplanted in the neck and submitted, through our me- 
chanical heart, to step-wise increased blood pressures. 

Table I condenses the results of seven of these experiments. 
In each case, we give only three or more levels of perfusion pres- 
sure, the corresponding renal venous flows (in ml per g of fresh 
kidney), and the time; zero time is time at which the drug was 
given. 


Table 1. 
No. of Time Blood ETS 
experi-| in | pressure Site Remarks 
ment | min. (mm Hg)! 
253 0 | | 120 mg chloralose and 1.2 mg Pendiomide 
(per kg) to kidney dog 
60 | 50.0 mg Scurocaine into aorta above kidneys 
112 190 4.7 | 
| 132 300 5.4 | magnitude of response 25 % 
148 100 3.0 | 
158 | 120 3.4 | 
170} 190 4.2 | 
178 | 280 4.9 | 
185 | 300 5.0 | response 35 % 
254 0 | | | 120 mg chloralose and 1.2 mg Pendiomide per 
| } kg i.v. 
160 90 | 1.8 | no Scurocaine 
166 | 140 | 2.4 | 
187 805 | 2.8 | response 23 % 
192; 240 | 2.1 | 
198; 138 19 | 
214; 315 | 2.9 | response 30 % 
216 180 | 1.5 | 


1 kindly put at our disposal by the Ciba Co. 
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167 80 2.5 
155 | 3.0 
174; 320 | 3.2 
178 | 


| 25 mg Pendiomide i.v. into perfusor weighing 


No. of Blood lv, 
experi-| in | pressure! Remarks 
ment min. (mm Hg), 
258 0 120 mg ckloralose and 1.2 Pendiomide per 
kg i.v. 
120 | 100 mg Scurocaine into aorta above kidneys | 
180 140 6,5 
191 220 7.5 
195 160 0 
197 290 11.4 | response 67 % 
202 150 6.0 
261 | 0 | 120 mg chloralose and 1.2 mg Pendiomide per | 
kg i. v. | 
120 | 400 mg Scurocaine i.v. into perfusor | 
136 80 2.0 
146 110 2.4 | 
151 195 3.1 | response 42 % 
255 | OF 100 mg Scurocaine into aorta above kidneys 
| 40; 170 3.7 | (60 minutes after chloralose) 
| 61 95 2.0 
120 2.8 
| 84) 160 | 35 
| 94 210 3.8 
97 | 270 4.0 
109 200 | 3.8 
129 300 | 4.6 | response 35 % 
256 | 140 | | 80 mg Scurocaine into aorta above kidneys 
153 100 4.7 | 
162 160: 
170 225 | 5.2 | 
175 310 5.2 | magnitude of response 5 % (insufficient dose | 
of Scurocaine?) 
177 100 2.7 | 60 mg Pendiomide into perfusor (19 kg) | 
pressure of the animal falls from 120 down | 
to 45 mm. 
195 160 2.7 
199 220 2.6 | 
; 201 270 2.0 | Pendiomide after denervation does not pre- 
| vent vasoconstriction | 
268 | 140 155 3.2 | 140 min. after chloralose. No Pendiomide or 


local anaesthetic; kidneys were denervated 
8 days before : 


magnitude of response 14 % 


22 kg (small dose) 


response 9 % (slight progressive vasoconstric- 
tion 


| caffeine benzoate 1.2 g i.v. into perfusor 


response 28 % (vasodilatation) 
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Table II condenses the results of eleven experiments in which the 
kidneys were denervated for periods of one day up to one month 
before they were transplanted into the neck of another dog (under 
chloralose), and submitted to step-wise rising perfusion pressures, 
while their blood flow was measured. 


| 104 10 mg Regitin i.v. to perfusor (27.2 kg) pro- 
duces a drop of pressure from 105 to 60 mm 


Table 2. 
Chronic denervated kidneys. 
| No. of | Time Blood | 
enous 
experi-| in | pressure ¢),. | Remarks 
ment | min. (mm Hg) | 
271 0 chloralose to the kidney dog 
90 140 5.6 
one day| 94 175 7.0 
after | 99 240 | 7.8 
denerv.| 102 300 8.3 | response 69 % 
107 10 mg Regitin i.v. to perfusor (22.3 kg), pro- 
duces no drop of pressure 
RL? 80 3.6 
118 160 5.9 
120 220 7.1 | response between 160 and 220 mm 40 % 
123 310 8.0 
128 1 g caffeine benzoate i. v. 
132 | 60 3.1 
140 | 90 5.0 
273. | 90| 165 | 1.8 
|2 days | 97 300 3.4 | response 100 % 
after | 100 155 1.4 
denerv.| 101 220 3.2 | response 300 % 


109 150 2.4 
115 320 4.8 | response 90 % 
a76 | 138| 150 | 3.5 
146 205 5.3 
147 320 7.5 | response 100 % 
3 days 150 20 mg Regitin into aorta above kidneys; drop 
after | 157 150 3.7 of pressure from 175 to 80 mm 
denerv.| 159 310 | 8.0 
165 150 4.5 
| 167 320 8.0 | response 190 % 
| 268 | 96] 110 | 24 
(7 days | 105 125 3.0 
| after | 109 180 4.5 | response 124 % 
denerv.' 128 280 5.3 
| 
| 280b | 115| 120 | 3. | 
| 118} 200 | 36 | 
(8 days | 112 200 3.6 | response 4 % 
after | 114 | | 20 mg Regitin i.v. into aorta above kidneys 
| denerv | drop of pressure in perfusor from 130 to 
| 


80 mm 


13—553010. Acta phys. Scandinav. Vol. 34. 


| 
r | 
| | 4 
| 
| | 
S } 
| | 
| | 
| | 
| 
| 
| | 
) | 
| 
| 
| 
| | 
| 
| | 
| 
| 


180 


L. BRULL, D. LOUIS-BAR AND B. LYBECK. 


No. of |Time| Blood | 


Venous 
experi-| in | pressure) Remarks 
ment | min. |(mm Hg)| 
120 120 3:2 
130 120 2.9 
| 133 300 4,2 | response 26 % 
135 135 | 
139 320 5.7 | response 51 % 
| 
268b 140 155 3.2 | 
145 205 3.6 
8 days 152 265 4.2 | response 43 % 
after 160 180 2.8 | 
denerv. 
165 25 mg Pendiomide i. v. to perfusor (22 kg) 
167 | 80 2.5 | (no drop in pressure) 
172 155 3.0 | 
174 320 32: | 
178 | caffeine benzoate 1.2 g into perfusor 
181 140 | 4.4 | 
183 | 300 | 6.2 | response 33 % 
191 140 3.4 
286 | 120; 115 3.0 
14 days 142 170 4.2 
after 144 270 6.7 | response 90 % 
denerv. 
266 97 145 5.0 
16 days 110 290 6.0 | response 20 % 
after | 116 155 4.5 
denerv.| 119 290 6.0 
268a 91 140 5.6 
1 day 100 190 6.6 
after 103 250 8.1 | response 55 % 
denerv. 
287 | 110 150 2.5 
24 days) 114 300 3.7 response 48 % 
after | 117 150 2.7 
denerv.| 
| 120 305 3.7 
| 122 20 mg Regitin into aorta above kidneys (drop 
of pressure in perfusor of 22.3 kg, from 140 
to 80 mm) 
127 150 3.9 
128 210 4.1 
| 129 310 4.8 
, 134 150 4.6 
136 310 5.3 | response 14% 
288 70 130 2.2 
30 days 180 2.3 
after 75 | 300 2.5 
denerv.| 80! 120 2.5 
82 310 4.2 | response 43 % 
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Discussion. 


In the five experiments in which Pendiomide was given as a 
ganglioplegic before the kidneys were transplanted, and eventually 
Scurocaine (in four cases) also was injected into the artery leading 
the blood to the transplanted kidneys, there is a dilatation of the 
renal vessels when perfusion pressure is increased by 50 or 100 per 
cent. The percentage of response, as given in the tables, means the 
ratio of increase in blood flow to the increase in pressure. This 
response varies from 30 up to 67 %, and is of the same magnitude 
as the response obtained in acute transplantations where no drug 
is given. The only difference is that in the last there are positive 
responses only in one case out of three, while here all five answers 
are positive. 

How do chronic denervated kidneys behave? In ten cases out 
of eleven, there is a positive response, varying from 14 up to 300 
per cent. In one case, the response is only 4 %, which may be con- 
sidered as nil, or within the error limits of measurement. 

There is no doubt that we have taken another step forward in 
eliminating the mechanism of homeostasis of the renal blood 
flow. From the innervated kidneys which do not respond, through 
the acute denervated kidneys which respond in one case out of 
three, we have reached a stage, either by pharmacological dener- 
vation or by chronic denervation, at which we have practically 
100 % positive answers. Yet the variability of such answers leads 
us to believe that by eliminating sympathetic innervation as 
much as possible, or at least by disconnecting it, we have in some 
cases reduced the renal arteries to mere elastic tubes. 

Still, our success is variable and incomplete. It is clear to us 
that further research is necessary, and we may have to revert 
to our first research hypothesis, namely that hormones interfere. 
Are they postpituitary or adrenaline-like substances carried by 
the blood, or similar substances liberated in the renal arterial wall 
while it is stretched? These are the subjects of our present specu- 
lations and experimental attempts. 

While this paper was being written, Professor VERNEY informed 
one of us (BRULL) of recent experimental results, now in the press 
(Philos. Trans. 1955); they are of the highest interest, as they were 
obtained from unanaesthetised dogs. They show that occlusion 
of both carotids (with innervated sinus) raising the systemic 
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pressure up to 195 mm is not followed by a noticeable increase 
of the renal blood flow, as measured with PAH under puncture 
of the renal vein. Verney thinks of an intrinsically developed 
increase in the resistance of the proglomerular vessels. One might 
perhaps suggest that the resistance is rather at the outflow of 
the glomeruli, if one wishes to understand what clearly appears 
from a paper published in 1953, where we showed that doubling 
the perfusion pressure, while eventually not altering the blood 
flow, may considerably increase the urine flow. 


Summary. 


Proceeding with our research on the mechanism of the baresthet- 
ic device regulating the constancy of the renal blood flow, by 
submitting kidneys transplanted in the neck to step-wise raised 
perfusion pressures, by means of the mechanical heart with coag- 
ulable blood, we found that chronic denervation, or the use of a 
ganglioplegic (Pendiomide) or of a sympatholytic (Scurocaine), 
eliminates totally or partially vasoconstriction of the renal arteries 
which occurs in response to a rise of pressure and prevents varia- 
tions of the blood flow. 
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The Effect of Dietary Fat on the Intestinal 
Cholesterol Absorption and on the Cholesterol 
Metabolism in the Liver of Rats. 
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In recent years the main pathways of the biochemical syn- 
thesis and degradation of cholesterol have been fairly well out- 
lined. However, various fundamental physiological and nutri- 
tional aspects of cholesterol metabolism remain obscure. The 
important interrelationship between fat and cholesterol metab- 
olism, which is the subject of the present paper, is thus poorly 
understood. This applies to the réle of dietary fat in the absorp- 


‘tion, as well as in the intermediary metabolism of cholesterol. 


It has been generally assumed until recently that cholesterol 
is absorbed in rats only in the presence of dietary fat. This view 
was mainly based on the work by Cook (1936, 1937). He found, 
in balance experiments, that cholesterol given in a fat free diet 
was quantitatively recovered in the feces. Furthermore, in pro- 
longed feeding experiments, when fat was absent from the diet, 
cholesterol did not accumulate in the liver. On the other hand, 
Bo.ttMAN and Fock (1951) found definite evidence that dietary 
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fat is not necessary for cholesterol absorption in experiments 
where the absorption was gauged by measurements of the cho- 
lesterol content of intestinal and hepatic lymph. Further evidence in 
support of this view was later obtained in balance experiments 
(Km and Ivy 1952). 

The quantitative effect of dietary fat on cholesterol absorption 
has been studied systematically only by few investigators. Cook 
(1937) studied the effect of varying levels of fat and found no 
difference in the absorption when rats were given 2 per cent 
cholesterol with 15, 20 and 30 per cent arachis oil respectively. 
LoizipEs (1938), on the other hand, observed a progressive and 
very marked increase in the deposition of cholesterol in the liver 
of rats given 2 per cent cholesterol with 11, 21, 31, and 41 per 
cent fat. The results were attributed to an effect on cholesterol 
absorption, although direct measurements of the absorption were 
not carried out. Kim and Ivy (1952) recently observed in rats 
that fat did only increase cholesterol absorption when it was 
present in the diet in large amounts compared to cholesterol. 
Thus no stimulating effect of fat was found when the proportion 
of fat to cholesterol was 4:1 or 8:1. In these test periods the 
absorption was no greater than in the control groups given the 
cholesterol in the absence of fat. When the proportion of fat to 
cholesterol was raised to 24: 1, a definite effect of fat was found. 
Intermediate proportions were not tested. 

It is apparent from the preceding that further data on the effect 
of dietary fat on cholesterol absorption are needed. In the present 
communication such data, obtained in balance experiments, are 
offered. The balance experiments offered an opportunity to cor- 
relate the absorption with the intermediary metabolism of cho- 
lesterol. A few experiments on the effect of fat on cholesterol 
metabolism in the liver are reported. 


Materials and Methods. 


White and piebald rats of an inbred laboratory strain were used. 
In most experiments the rats had initial body weights of 50—60 g. 
Each group consisted of 4 or 5 animals. The test animals and the cor- 
responding control animals were drawn from the same litters. Male 
and female rats were present in the same proportion in the groups to be 
compared. 

The rats were raised on a laboratory stock diet. Three to four days 
before the test period they were placed in metabolism cages and given 
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the experimental diets. These had a basic composition as follows: Casein 
20 per cent, non-nutritive material (cellulose powder) 10 per cent, salt 
mixture 3 per cent, dry yeast 3 per cent, cane sugar 64 per cent. 
Into this basal diet cholesterol, fat and glycerol were incorporated, 
replacing equal amounts of sugar. The cholesterol was dissolved in ether 
and the solution poured over the ration under rapid mixing while the 
ether evaporated. Arachis oil was used as the fat source. A few groups 
of animals were given the cholesterol in the stock diet which consisted 
of: Dry skimmed milk 24 per cent, whole wheat 15 per cent, corn meal 
20 per cent, whole rye 15 per cent, oatmeal 10 per cent, wheat germs 
5 per cent, arachis oil 5 per cent, dry yeast 5 per cent, sodium chloride 
0.5 per cent and calcium carbonate 0.5 per cent. 

All animals were given 2 drops of cod liver oil per week. The rats 
on the fat free diets were also given linoleic acid (30 mg every other 
day) to meet the requirement for essential fatty acids. The animals 
were given free access to food and water at all times except in one 
experiment where pair-feeding was carried out. 

The test periods lasted 7—17 days. During this period the food 
consumption was measured and the feces collected, carmine being used as 
a marker. Appropriate control groups received a cholesterol-free diet 
which was otherwise identical with that of the experimental groups. 
The “excess excretion” was obtained by subtracting the amount of 
cholesterol excreted by the control rats from the amount excreted by 
the rats fed cholesterol. The procedure involves the assumption that 
the same amount of endogenous cholesterol is excreted also when 
cholesterol is fed. The “apparent absorption” (cholesterol intake less 
“excess excretion”) has been expressed in mg cholesterol per rat 
per day as well as in per cent of the cholesterol intake. 

In a number of experiments the absorption was measured on in- 
dividual rats. Since this is a time-consuming procedure only the mean 
absorption was determined in most experiments. The total food intake 
of each group of animals was measured and cholesterol analyses were 
carried out on samples of the pooled feces. 

In some experiments the fecal sterol excretion was determined 
gravimetrically. The feces were dried at 100° C overnight and weighed, 
dispersed to a fine powder in a Waring blendor and extracted with 
ether for 24 hours in a Soxhlet apparatus. The ether soluble lipids were 
saponified for 1—2 hours with 10 per cent KOH in 95 per cent ethanol, 
the unsaponifiable fraction extracted with ether and the total sterols 
precipitated with digitonin as described by Winpaus (1910). Thismethod 
determines the coprosterol and dihydrocholesterol in addition to the 
cholesterol. However, in most of the experiments the colorimetric 
Schoenheimer-Sperry procedure was used for the determination of the 
fecal sterols. The ether soluble lipids were then treated with hot ethanol- 
acetone 1:1 and the total cholesterol content determined as described 
by Sperry and Wess (1950). In check runs known amounts of cholester- 
ol added at various stages of the procedure were quantitatively re- 
covered. When 8 fecal samples from rats fed cholesterol were analyzed 
with both methods, close agreement was found between the results, 
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the colorimetric procedure giving on the average 4.2 per cent lower 
values than the gravimetric method. This indicates that the coprosterol 
formation under the present dietary conditions was slight and that 
the Schoenheimer-Sperry procedure was adequate for the present pur- 
pose. Under similar dietary conditions Kim and Ivy (1952) found 
excellent agreement between the gravimetric digitonin method anda 
colorimetric procedure based on the Liebermann-Burchard reaction. 

In the experiments where the deposition of cholesterol in the liver 
was measured the animals were sacrificed by bleeding in ether anaesthe- 
sia and the livers were rapidly removed and weighed. The lipids were 
extracted and determined as described by Best, Lucas, Patterson 
and Ripout (1946) except that the Schoenheimer-Sperry procedure 
was used for the cholesterol determinations and the Fiske and SubbaRow 
method for determination of lipid phosphorus (Hawk, OsER and 
SUMMERSON 1947). 


Results. 


Variability. In the present study fairly uniform results were 
obtained in the experiments where the absorption was measured 
on individual rats. However, appreciable variations were found 
in the mean absorption of identically treated groups. The fact that 
greater variations were sometimes found between groups than 
within groups cautions against conclusions from anything but 
considerable and striking differences. 

The absorption of cholesterol in the absence of fat. The absorption 
was measured in a number of groups given fat-free diet con- 
taining different levels of cholesterol. The results are compiled 
in table 1. 

It is evident that appreciable fractions of the cholesterol con- 
sumed were not recovered in the feces. The data thus confirm 
the findings of Bottman and Fock (1951) and of Kim and 
Ivy (1952). However, the values here presented are higher than 
those reported by the latter authors. In contrast to the findings 
of Kim and Ivy, the present data indicate that the percentage 
absorption of cholesterol declines with increasing concentrations 
of cholesterol in the food. However, they confirm the finding 
(Kim and Ivy (1952)) that glycerol is without effect on cholesterol 
absorption. 

The present results are at variance with the results of Cook 
(1936) which were obtained in similar balance experiments. 
Therefore, in an attempt to resolve this discrepancy, the cho- 
lesterol was mixed mechanically with the food in one case (group 


Table 


The absorption of cholesterol on fat-free diets. 
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Table 3. 
The effect of dietary fat on cholesterol absorption. 


Cholesterol absorption in per cent 


cholesterol Per cent arachis oil in diet 
0 5 10 15 
0.25 | 156.6 (7) 90.7 (3) 84.3 (3) — 
| 47.7—72.2 88.7—92.2 75.5—92.7 
0.50 S73 Gy | 86.2 (1) 80.4 (2) 
75.2—85.5 
1.00 | 36.4 (5) 47.2 (2) 44.3 (1) 57.5 (1) 
| 28.8—43.3 40.7—53.7 


1 The average value for the groups studied. The figure in parenthesis gives 
the number of groups, while the figures below the average value give the range. 


34) and in another (group 86 a) the cellulose powder was replaced 
by agar-agar, to approach more closely the experimental condi- 
tions used by Cook. However, none of these modifications appeared 
to alter our results. 

In order to rule out the possibility that the added linoleic 
acid might have stimulated cholesterol absorption, linoleic acid 
was omitted from the diet in a few groups. From a comparison 
between groups 4 and 5 (table 1) it is clear that the small amount 
of linoleic acid usually given was without measurable effect on 
the cholesterol absorption. 

It will be noted that in group 3 b where the sterol excretion 
was measured gravimetrically, the cholesterol absorption was 
found to be at least as great as in the groups where the Schoen- 
heimer-Sperry method was used. Thus there can be no doubt 
that in rats cholesterol is readily absorbed in the absence of dietary 
fat. 


The effect of fat on cholesterol absorption. The data on the ab- 
sorption of cholesterol in animals given fat in the diet are detailed 
in table 2. The effect of the added fat becomes clear when table 
2 is compared with table 1. Some of the relevant data have been 
assembled in a condensed table to facilitate the comparisons. 

A given concentration of fat increased the absorption of choles- 
terol in some cases, but not in others (table 3). Thus with 0.25 
per cent cholesterol in the diet, the addition of both 5 and 10 
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Table 
The effect of dvetary fat on the de- 


The rats were fed cholesterol, in the presence 


Additions to | Liver weight 
| Average basal diet Cholesterol 
Group | No. of | body 7————| absorption | Fat-free 
no. rats wt. Choles- F per day' | Wet wt. dry 
| ‘at | of 
g terol |} mg residue 
% | mg 
42 | 5 114 0.5 1 | 3813 5,040 907 
26 5 142 0 15 6,120 1,480 
| 
a7 | 5 132 1.0 0 | 32.2+ 4.2; 6,040 1,320 
28 OI 5 135 0 0 | 5,000 1,172 


1 The absorption was measured in periods of 17 and 14 days for the animals 
* Lipid P x 25.2. 

8 Total lipids — (phospholipids + free cholesterol + cholesterol esters). 

4 (Total cholesterol — free cholesterol) x 1.68. 


per cent arachis oil increased the absorption of cholesterol. How- 
ever, these same levels of fat did not convincingly increase the 
absorption when 1 per cent cholesterol was given. When, on the 
other hand, the level of fat was raised to 15 per cent, the absorp- 
tion appeared to be definitely increased also with 1 per cent 
cholesterol in the diet. The present data thus support the con- 
clusion reached by Kim and Ivy (1952) that dietary fat does only 
increase cholesterol absorption when it is present in relatively 
large amounts compared to cholesterol. In the experiments here 
reported the lowest ratio of fat to cholesterol giving a demon- 
strable effect was 15 : 1, whereas Kim and Ivy found a stimulating 
effect of fat when the ratio was 24:1, but no effect when it was 
only 8:1. 


The effect of fat on cholesterol metabolism in the liver. Evidence 
is accumulating that the intermediary metabolism of cholesterol 
is influenced by the level of fat in the diet (EcKsTEIN 1938, Keys, 
MiIcKELSEN, MILLER and CHAapMAN 1950, HitpreTH, MELLIN- 
KOFF, BiatR and 1951, ScHorz, 
Surmopa and Deve. 1952, ANDERSON and Keys 1953). In the 
present investigation the effect of fat a) on the deposition in the 
liver of absorbed cholesterol and b) on the removal of stored 
cholesterol, was studied. 

In the first experiment the deposition of cholesterol in the liver 
was measured in rats given 1 per cent cholesterol without fat, 
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4. 


position of cholesterol in the liver. 
and absence of dietary fat, for 7 weeks. 


Liver lipids 

Total vir | Cholesterol 
lipids lipids* el Free Total Cael. 100 ml. 
mg mg esters 

mg mg mg mg 

| | 
872 126 212 22 326 511 111 + 37 
383 175 184 12 19 12 
705 154 293 17 160 240 | 83+ 13 
332 169 144 10 15 


given the fat-containing and the fat-free diet respectively. 


and 0.5 per cent cholesterol with 15 per cent fat in the diet 
respectively. These levels of cholesterol were chosen since it was 
reason to expect from previous absorption measurements that 
approximately equal amounts of cholesterol would be absorbed 
under these conditions. The absorption of cholesterol was measured. 
After 7 weeks of feeding the animals were sacrificed and lipid 
analyses of the livers carried out (table 4). 

Typical fatty livers with the accumulation of substantial 
amounts of cholesterol esters were found in both cholesterol-fed 
groups. Roughly twice as much cholesterol was deposited in the 
livers of the rats given the fat-containing diet as in the rats on 
the fat-free diet, although the absorption measurements indicate 
that nearly identical amounts were absorbed in the two groups. 
These results indicate that the effect of dietary fat on the deposi- 
tion of cholesterol in the liver cannot be explained entirely on 
the basis of its effect on the absorption. Additional data support- 
ing this conclusion were obtained in experiments where the effect 
of bile acids on cholesterol absorption and deposition was studied 
in the absence and presence of fat (Primi 1955). 

Since the present data on the effect of fat on the deposition 
of cholesterol are of limited extent, it is of interest to recall the 
observations by LorzipEs (1937). In his experiments a progressive 
increase in cholesterol deposition occurred in the livers of rats fed 
cholesterol with increasing levels of dietary fat. However, as he 
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Table 


The effect of dietary fat on choles- 


The incorporation of 1-C' acetate into cholesterol, fatty acids and respiratory 
and were subsequently given, for the last 8 days prior to the 


Final Food 
ag body intake! Diet? 
No. 

wt. g 
376 135 87 Basal diet + 2 per cent arachis oil 
377 141 84 + > > 
3 7 5 1 20 vi 4 » » » » » » » » 
379 128 67 Basal diet + 30 per cent arachis oil 
378 154 61 > >» > >» » > > 
382 122 | 56 » 


1 Pair-feeding carried out in such a way as to insure the same calorie intake 
2 Diet during the last 8 days. 
Pooled sample. 


found as much as a fourfold increase in the deposition when the 
ratio of fat to cholesterol was raised from 5.5:1 to 20.5: 1, it 
appears likely that a substantial part of the observed effect in 
his experiments was due to a metabolic action of the fat. 
While the preceding experiment indicated that dietary fat 
promotes the deposition of absorbed cholesterol, ALFIN-SLATER, 
Scuortz, SHrmopA, and DEVEL (1952) have obtained evidence that 
dietary fat promotes the disappearance of stored cholesterol. 
When rats with ‘‘cholesterol fatty liver’? were placed on choles- 
terol-free diets, low and high in fat, the decrease in the stored 
cholesterol was more marked in the animals on the high-fat diet. 
Since these results were difficult to reconcile with the results 
here reported, the following experiment was carried out (table 5). 
Deposition of cholesterol in the liver was produced by feeding 
1 per cent cholesterol in stock diet for 34 days. The rats were 
then separated into two groups which were given cholesterol-free 
basal diet containing 2 per cent and 30 per cent arachis oil respec- 
tively. In order to insure the same calorie intake in the two 
groups the animals in this experiment were ‘‘pair-fed” in such 
a way that the rats given the high-fat diet consumed about 70 
per cent of the amount of those on the low-fat diet. After 8 days’ 
feeding the animals were sacrificed, and pooled samples of the 
livers were analyzed for the total cholesterol content. Slices from 
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terol metabolism in the liver. 


CO, by surviving liver slices. The rats had been fed 1 % cholesterol for 34 days 
experiment, cholesterol-free diets, high and low in fat respectively. 


Liver Per cent of added C' recovered in 
Weight Per cent | Chol 

&18 of body | cont. Chol. Fatty acids co, 
8 wt. | % 

6.41 4.75 0.04 0.32 48.9 
6.24 4.42 1.493 | 0.18 1.07 52.6 
6.20 5.17 0.09 2.74 52.3 
5.25 4.10 0.63 0.47 50.6 
7.33 4.76 | 1.08 0.04 0.37 49.5 
5.87 4.81 | 1.86 0.72 43.7 


in the two groups. 


the individual livers were incubated with 1-C™ acetate and the 
incorporation of C' into cholesterol, fatty acids and respiratory 
CO, was measured according to procedures described elsewhere 
(Prat 1955). 

As seen from table 5 the cholesterol content of the livers was 
the lower in the animal fed the high-fat diet, in agreement with 
the findings of ALFiIn-SLaTER et al. (1952). Furthermore, the in- 
corporation of acetate into cholesterol was distinctly greater in 
these livers. This result is likewise consistent with data obtained 
by AtFin-SxaTER et al. In their experiments also the cholesterol 
synthesis, as measured in vivo with the aid of heavy water, was 
greater in the animals given the high fat diet. The results of the 
two studies demonstrate an effect of dietary fat on the disap- 
pearance of stored cholesterol which can not be explained by an 
effect of the fat on the hepatic cholesterol synthesis. 


Discussion. 


The methods used in the study of cholesterol absorption all 
suffer from inherent shortcomings. The use of the balance method 
is complicated by the possibility that part of the cholesterol not 
recovered in the feces may have been altered or destroyed by 
bacterial activity in the intestinal tract. The bacterial conversion 
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of.cholesterol to coprosterol, which is known to vary with the diet 
(MiLLeR 1900, Dam 1934, RoseNHEIM and WEBSTER 1941) was 
found to be of no consequence in this study, as was the case in 
the study by Kim and Ivy (1952). It has recently been found 
(WaInFAN, HENKIN, RITTENBERG, and Marx 1954) that appre- 
ciable destruction of cholesterol may take place when it is in- 
cubated with rat feces in vitro, while the significance of intestinal 
cholesterol destruction in rats in vivo is not known. However, 
where the effect of various factors on cholesterol absorption is 
tested in balance experiments, the results will be valid even if 
some intestinal destruction of cholesterol does take place, as the 
destruction will operate also in the control groups. 

The fact that cholesterol can be absorbed in the absence of 
dietary fat is of considerable interest with respect to its mech- 
anism of absorption. Even on a fat-free diet, however, the 
intestinal tract is not entirely devoid of fat, since fat of endogenous 
origin will always be present. Whether this endogenous fat isa 
decisive factor for the cholesterol absorption observed in animals 
on fat-free diets can not be stated with certainty. However, the 
finding that relatively large amounts of cholesterol were absorbed 
under these conditions, and the further fact that the absorption 
increased with increasing levels in the diet, indicate that the 
endogenous fat does not account for the cholesterol absorption 
observed on fat-free diets. 

The data presented in this paper support the theses (Kim 
and Ivy 1952) that dietary fat stimulates cholesterol absorption 
only when it is present in large amounts relative to cholesterol. 
Since they found that free fatty acids stimulated cholesterol ab- 
sorption to a greater extent than an equivalent amount of fat, 
while glycerol was without effect, the effect of fat was attributed 
entirely to liberated free fatty acids and the quantitative relation- 
ships were thought to reflect incomplete hydrolysis of the fat 
in the intestinal tract. It appears, however, that if the free fatty 
acids as such must be present in certain minimum amounts 
relative to cholesterol in order to be effective, the fact that fat 
is needed in high proportions might be explained irrespective of 
whether fat is completely or only partially hydrolyzed in the 
intestine. 

The data here reported on the metabolism of cholesterol in the 
liver gave results which appear conflicting. On the one hand 
did dietary fat appear to increase the deposition of absorbed 
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cholesterol, while in the other it seemed to promote the removal 
of stored cholesterol from the liver of animals on a cholesterol-free 
diet. These contrasting effects of dietary fat under different 
experimental conditions indicate that dietary fat influences inter- 
mediary cholesterol metabolism by more than one mechanism. 


Summary and Conclusions. 


The absorption of cholesterol has been studied in balance ex- 
periments on intact rats fed cholesterol together with different 
levels of arachis oil. 

Cholesterol was found to be readily absorbed on a diet devoid 
of fat. Extensive deposition of cholesterol esters was found in 
the livers of rats given cholesterol in a fat-free diet for 7 weeks. 

Dietary fat was found to increase cholesterol absorption when 
the fat was present in large amounts as compared to cholesterol, 
confirming qualitatively the observations of previous authors. 
The smallest ratio of fat to cholesterol where a facilitating effect 
of fat was observed, was 15: 1. 

The effect of dietary fat on the deposition of absorbed cholesterol 
was studied in experiments so designed that equal amounts of 
cholesterol were absorbed in groups fed diets with 15 per cent 
fat and no fat respectively. Roughly twice as much cholesterol was 
deposited in the livers of the rats given the fat-containing diet. 
On the other hand, in rats with cholesterol deposited in the liver 
dietary fat appeared to promote the removal of cholesterol from 
the liver, when the rats were given cholesterol-free diets. 
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Recent work has demonstrated that although dietary fat is 
not obligatory in the absorption of cholesterol in rats, it definitely 
stimulates, the absorption, provided it is present in the diet in 
large amounts compared to cholesterol (Kim and Ivy 1952, Prax 
1955 a). Since the free fatty acids have been found to stimulate 
cholesterol absorption to a greater extent than an equivalent 
amount of fat, while glycerol is without effect, the facilitating 
effect of fat has been attributed entirely to the free fatty acids 
(Kim and Ivy 1952). 

The explanation most commonly offered for the stimulating 
effect of fatty acids on cholesterol absorption is that they increase 
the absorption by esterifying the cholesterol. This view is pre- 
dominantly based on the fact that cholesterol is in part esterified 
during its passage from the intestinal lumen to the lymph and 
blood (FRASER and GARDNER 1910, MuELLER 1915, Sano 1924, 
FROLICHER and 1934, and 1951, 
CuaikorF, BLoom, SipeRSTEIN, Kiyasu, REINHARDT, DAUBEN 
and EastHaM 1952). The demonstration by numerous authors 
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that pancreas and intestinal mucosa contain enzymes catalyzing 
the esterification of free cholesterol and the splitting of cholesterol 
esters, and the further fact that various cholesterol esterase prep- 
arations are activated by bile salts have been taken as additional 
evidence for the esterification hypothesis (MUELLER 1916, NEDs- 
WEDSKI 1935, ScHRAMM and 1940, LeEBRETON and 
PANTALEON 1947, Nierr and Devet 1949, Byron and 
TREADWELL 1950, SWELL, FreLp and TREADWELL 1953). 

However, observations are available which are not easily 
brought in harmony with the esterification hypothesis. Thus 
Botitman and Frock (1951) found that also in rats absorbing 
cholesterol in the absence of dietary fat did the major increase 
in the intestinal lymph cholesterol occur in the ester fraction. 
Even more important, FavaRGER and MeTzGErR (1952) were unable 
to demonstrate esterification of cholesterol in the intestinal lumen 
or the intestinal wall of rats in experiments where labelled choles- 
terol was fed. On the contrary, evidence was obtained that cho- 
lesterol esters are split in the intestine and that this process con- 
tinues in the intestinal wall. 

In the present paper experiments on the réle of fatty acids in 
cholesterol absorption are reported. The results obtained seem 
to indicate that the stimulating effect of fatty acids on cholesterol 
absorption is unrelated to the esterification of cholesterol known 
to occur during its transport from the intestinal lumen to the 


lymph. 
Experimental. 


The absorption of cholesterol was measured in balance experiments 
on young rats given cholesterol in free form together with free fatty 
acids, and the cholesterol esters of the same fatty acids respectively. 
The experimental procedure as well as the basal diet and the analytical 
methods have previously been described (Prat 1955 a). 

The fatty acids used were oleic and stearic acid. They were given in 
a concentration of 9 per cent in the diet together with 1 per cent cho- 
lesterol. The cholesterol esters were given in amounts corresponding 
to 1 per cent cholesterol. Since the animals given free fatty acids con- 
sumed Jess food than those given the cholesterol esters, the groups 
to be compared were pair-fed in two instances. In one experiment the 
absorption of cholesterol acetate was studied. The animals were given 
0.25 per cent, calculated as free cholesterol, in the diet. 

Total and free cholesterol, and in some cases lipid phosphorus, were 
determined in feces. The ether soluble lipids were redissolved in benzene 
since considerable amounts of phospholipids were excreted in the animals 
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fed free fatty acids. The total cholesterol content was determined after 
evaporation of the benzene. As the presence of relatively large amounts 
of phospholipids or cholesterol esters tended to interfere with the 
determination of free cholesterol, aliquots of the benzene solutions 
were evaporated, the residues were extracted with hot acetone-ethanol 
1:1, and the determinations were carried out on the cooled filtered 


extracts. 
Results. 


Absorption. The effect of 9 per cent oleic or stearic acid on the 
absorption of cholesterol can be seen from table 1. It is evident 
that whereas oleic acid clearly stimulated the absorption, no effect 
was observed with stearic acid under the present conditions. 
This different effect of the unsaturated and the saturated fatty 
acid is in principal agreement with the finding of Kim and Ivy 
(1952) that oleic acid stimulated cholesterol absorption more 
strongly than palmitic acid. Similar results have been obtained 
in a recent study where the blood cholesterol level was used as 
indicator for the cholesterol absorption (SwELL and Fiick 1953). 
It will be noted! that when 0.5 per cent cholic or desoxycholic 
acid was added to the diet containing 9 per cent oleic acid, the 
absorption of cholesterol was not greater than in group 94 where 
cholesterol and oleic acid only was fed. 

If oleic acid stimulates the absorption of cholesterol by esterifying 
the cholesterol in the intestinal lumen, this would imply that under 
comparable conditions cholesterol is more efficiently absorbed in 
the form of cholesterol oleate than as free cholesterol. However, 
this was not found to be the case. In the groups where cholesterol 
oleate was given in the absence of free fatty acids (groups 80 b 
and 95) the absorption of cholesterol was 49.0 and 30.9 per cent 
respectively. Under similar conditions the absorption of free 
cholesterol was found to be 29—43 per cent (Prat 1955 a). The 
data therefore strongly indicate that cholesterol oleate is not ab- 
sorbed more readily than free cholesterol. Appreciably greater 
absorption was found in the groups fed cholesterol with 9 per 
cent oleic acid than in the groups fed cholesterol oleate only. 
The difference is particularly evident when the pair-fed groups 
are compared. This result demonstrates clearly that cholesterol 
oleate formation prior to absorption can not explain the stimu- 
lating effect of the oleic acid. However, in the groups fed free 
oleic acid, excess free acid would be present even if complete 


1 See Prat 1955 b. 
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Table 
The absorption of cholesterol when given with free fatty 


Additions to basal diet ID 
Group | No. o 
no. | animals Chol. | Free fatty seit. 
Days 
/O 

80a | 4 Cholesterol ........ 1 
8ia | 4 Chol. + oleic acid.. 1 oo 7 
84a | 4 Chol. + oleic acid | 

+- cholic acid.... 1 9 vi 
85 a 4 Chol. + oleic acid 

+desoxycholic acid 1 9 7 
80 b 4 Cholesterol oleate . 1] — 7 
82 a 4 Cholesterol oleate 

+ oleic acid..... 1] 
94', 4 Chol. + oleic acid. . 1 9 4 
95} 4 Cholesterol oleate .. 1] — 4 
81 b 4 | Chol. + stearic ac. .| 1] 9 7 
82 b 4 Chol. stearate ..... 1 — ‘i 
92\; 4 Chol. + stearic acid 1 o) 4 
93) 4 Chol. stearate ..... 1] — | 4 
29 5 Chol. . acetate ...... 10).25 — 14 


a as free cholesterol. 
2 3.2 mg cholesterol per day (group 28) has been used as “endogenous excretion” 


3 *Pair-fed”’. 
4 Total amount of oleic acid (free and bound). 


esterification of cholesterol occurred. Therefore, in order to 
measure the absorption of free and esterified cholesterol under 
more comparable conditions, cholesterol oleate in the presence 
of free oleic acid was given (group 82 a). It is evident that also 
under these conditions did the absorption of cholesterol oleate 
not exceed the absorption of free cholesterol. Despite the con- 
siderable variability in the present experiments, the data dem- 
onstrate clearly that cholesterol oleate is not preferentially 
absorbed. 

It further appears from table 1 that when cholesterol was given 
as the stearate, it was absorbed to the same or to a lesser extent 
than when given as free cholesterol. This is not surprising since 
free stearic acid did not stimulate the absorption. It will be 
noted that cholesterol was readily absorbed also when fed in 
the form of acetate. 

Esterification and hydrolysis. In order to obtain further in- 
formation on the significance of esterification of cholesterol in 
the intestine, the ratio of free to total cholesterol was determined 
in the feces. The results are presented in table 2. 
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1. 
acids and when given as the corresponding esters. 


Average | Chol. , Rasecttem Excess Apparent absorption 
wt. | per day ” y per day | 

| m me ° 
g | mg mg 
| | 
60 69.3 51.4 48.2 21.1 5 
61 62.1 31.7 28.5 33.6 54.1 
60 60.7 168 | 13.6 47.1 77.6 
57 59.3 22.8 19.6 39.7 66.9 
91 88.2 48.2 45.0 43.2 49.0 
66 70.0 33.9 30.7 39.3 56.1 
98 98.8 22.6 | 19.4 79.4 80.3 
97 96.3 69.7 66.5 29.8 30.9 
| 85 78.9 52.6 | 49.4 29.5 37.7 
| 96 91.4 63.0 | 59.8 31.6 34.5 
90 71.9 48.1 44.9 27.0 37.6 
90 S35 | 64.6 | 61.4 19.9 | 24.5 
| 73 5.1 | 154 | 122 12.9 51.4 


for all groups in this table. 


In the rats on cholesterol- and fat-free diet the endogenous 
cholesterol in feces was present predominantly in free form. When 
cholesterol was added to the fat-free diet, the fecal cholesterol 
consisted of free cholesterol exclusively, as might be expected. 
The further addition of 10 per cent arachis oil or 9 per cent oleic 
acid did not result in the excretion of measurable amounts of 
cholesterol esters. Since cholesterol esters are not preferentially 
absorbed, the results indicate that the formation of cholesterol 
oleate must have been negligible under these conditions. The 
further addition of cholic or desoxycholic acid to the rats given 
cholesterol and oleic acid also did not result in the excretion of 
cholesterol esters. Thus the view that dietary bile acids increase 
cholesterol absorption by stimulating esterification of cholesterol 
(ScoramMM and Wo Fr 1940, SweLL, Fiick, Fretp and TREAD- 
WELL 1953) finds no support in the present data. In the rats given 
stearic acid, 20—30 per cent of the cholesterol was found to be 
excreted in the esterified form. 

In the animals fed cholesterol esters substantial fractions of 
the cholesterol were excreted in free form. This was the case also 
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Table 2. 


Free and esterified cholesterol in feces. 


Additions to basal diet Free 
cholesterol 
“ag Cholesterol Fat Free fatty | in per cont 
acids of total 
% cholesterol 
| 
BG: 0 0 0 85.7 
83 b | Cholesterol ........ 0.5 0 0 100.0 
80 a 1.0 0 0 99.8 
85 b | 2.0 0 0 100.0 
83 a | Chol. + arachis oil. 1 10 0 99.3 
81 a | Chol. + oleic acid. . 1 0 9 100.0 
94 | > ee 1 0 9 97.0 
84 a | Chol. + oleic acid + 
| cholic acid?...... 1 0 9 99.7 
85 a | Chol. + oleic acid + | 
desoxycholic acid! 1 0 9 | 98.4 
81 b | Chol. + stearic acid | 1 0 | 9 67.8 
| 92 > = 0 9 | 
| 
80 b | Cholesterol oleate .. 21 0 | 0 | 44.0 
95 > | 0 0 43.9 
32 a | Cholesterol oleate + | 
oleic acid ....... 21 0 39 89.4 
82 b | Cholesterol stearate 21 0 0 $3.7 
93 | 0 0 53.7 
29 | Cholesterol acetate. | 0 0 | 77.0 


10.5 per cent in the diet. 
2 Calculated as free cholesterol. 
3 Total amount of oleic acid (free and bound). 


when cholesterol stearate or cholesterol acetate was given. The 
results demonstrate that extensive splitting of cholesterol esters 
may occur in the intestine, in agreement with previous findings 
(FAVARGER and MeEtTzGER 1952). Since it is well established that 
pancreatic juice of rats contains cholesterol esterases, the splitting 
and formation of cholesterol esters observed in the present experi- 
ments most likely were effected by these enzymes. Whether 
bacterial enzymes were active in this respect can not be said. 
Altogether the present data indicate that the conditions in the 
‘intestine of the rat favour hydrolysis of cholesterol esters. 
Phospholipid excretion. In the animals fed free fatty acids the 
ether-soluble lipids were not completely soluble in acetone-ethanol. 
When 4 volumes of acetone were added to an ether solution of 
the lipids, a white precipitate which rapidly turned brown was 
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Table 3. 
Lipid phosphorus excretion in feces. 


A _ Additions to basal diet 
verage 


| Lipid P 
Group | + 
no. wt. | Cholesterol Fatty | mg 
| ja acids per day 
| | ! 
85 b | 85 | Cholesterol........... 2.0 | 0 0.06 
80 b oleate ..... 11.0 0 0.05 
95 1.0 | 0 0°04 
93 = a Cholesterol stearate . 1.0 | 0 0.04 
81 b 85 Cholesterol + stearic 
| COE 1.0 9 0.50 
92 | 90 Cholesterol +- stearic 
1.0 9 0.24 
94 98 Cholesterol + oleic acid 1.0 9 3.42 


| 


1 Calculated as cholesterol. 


formed. The precipitate could easily be redissolved in ether. The 
solubility characteristics indicated the presence of increased 
amounts of phospholipids in the feces of these rats. The lipid 
phosphorous excretion was therefore measured in some of the 
groups. The results given in table 3 demonstrate that the ad- 
ministration of free fatty acids strongly increased the lipid phos- 
phorous excretion and that oleic acid was more active than 
stearic acid in this respect. The results are qualitatively in agree- 
ment with observations by Kim and Ivy (1952). 


Discussion. 


The present absorption measurements demonstrate that the 
stimulating effect of free fatty acids on cholesterol absorption 
can not be explained by the formation of cholesterol esters prior 
to absorption, as assumed by several investigators (MUELLER 
1916, ScoRaAMM and Wo.rr 1940, LeBRETON and PANTALEON 
1947, Swett, Fuick, Fretp and TREADWELL 1953). In fact, 
evidence that esterification of cholesterol occurs in the intestinal 
tract was only obtained with stearic acid which did not stimulate 
the absorption. This lack of correlation between the ability of 
free fatty acids to esterify cholesterol and their ability to fa- 
cilitate cholesterol absorption, suggests that esterification in the 
intestinal lumen by extracellular cholesterol esterases is not in- 
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volved in the absorption of cholesterol. On the contrary, the 
extensive hydrolysis of the administered cholesterol esters ob- 
served in the present experiments suggests that the main function 
of the pancreatic cholesterol esterase may be to split dietary 
cholesterol esters. The splitting activity appears to be rather un- 
specific since cholesterol acetate, an ester which has not been 
found in nature, was extensively hydrolyzed. The lack of speci- 
ficity may explain the observation by ScHONHEIMER and HuMMEL 
(1930) that cholesterol was absorbed in mice also when given as 
the oxalate ester. 

Since the free fatty acids do not exert their effect on cholesterol 
absorption by esterifying cholesterol in the intestinal tract, their 
role in the solubilization or dispersion of cholesterol should be 
considered. The ability of free fatty acids to increase the ex- 
cretion of phospholipids may be of significance in this respect. 
The origin of these phospholipids is conceivably the bile since 
— at least in man — bile contains high concentrations of lecithin 
(Isaksson 1951, PoLoNovski and BourriLLon 1952). The pres- 
ence of the lecithin seems to be an important factor in the sol- 
ubilization of cholesterol in bile. In fact, evidence has been 
presented to show that cholesterol is kept in solution in bladder 
bile in the form of a complex where lecithin, bile salts and cho- 
lesterol are present in definite proportions (Isaksson 1951, 1953— 
1954). In view of this the possibility should be considered that 
an increased concentration of phospholipids in the intestinal tract 
is part of the mechanism whereby free fatty acids stimulate 
cholesterol absorption. 


Summary and Conclusions. 


In balance experiments on rats oleic acid (9 per cent in the diet) 
was found to increase the absorption of cholesterol (1 per cent in 
the diet) while stearic acid had no effect. Cholesterol oleate and 
cholesterol stearate were not absorbed to a greater extent than 
was free cholesterol under comparable conditions. Cholesterol was 
readily absorbed also when given as the acetate ester. 

Cholesterol esters were detected in feces when free cholesterol 
with stearic acid was fed, but not when oleic acid was given. 
Addition of bile acids did not alter this result. Administered 
cholesterol esters, the acetate ester inclusive, were extensively 
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split in the intestine. The results demonstrate that the stimulating 
effect of free fatty acids on cholesterol absorption is not due to 
formation of cholesterol esters prior to absorption and that the 
conditions in the intestinal tract of the rat favour hydrolysis of 
cholesterol esters. 

Feeding of free fatty acids stimulated strongly the excretion of 
phospholipids in feces. Oleic acid was more active than stearic 
acid in this respect. 
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The Effect of Bile Acids on Cholesterol 
Absorption, Deposition and Synthesis in the Rat. 


Cholesterol Studies V. 
By 
ALEXANDER PIHL.? 


Reczived 12 February 1955. 


When bile acids are fed to animals given cholesterol in the diet, 
higher levels of cholesterol will be found in the blood and liver 
than when cholesterol is given without bile acids. This fact was 
first demonstrated by SCHONHEIMER and his pupils, and has later 
been confirmed by numerous authors in experiments on different 
animal species. SCHONHEIMER (1924) observed in short term 
experiments that when rabbits were given desoxycholic acid in 
addition to cholesterol and fat, the consequent rise in the blood 
cholesterol level was far greater than in the control animals not 
given bile acid. He therefore concluded that desoxycholic acid 
addition had stimulated the absorption of cholesterol. Subsequent- 
ly LorerrLeR (1928) and Hummer (1929) studied, in feeding 
experiments on mice and rabbits, the effect of different bile acids 
on the deposition of cholesterol in the liver. Cholic acid was found 
to increase the deposition of dietary cholesterol more strongly 
than did desoxycholic acid. Glycocholic acid and apocholic acid 
likewise strongly enhanced cholesterol deposition. Dehydrocholic 
acid, however, had no definite effect. The results were attributed 

1 Supported in part by grants from Norges Almenvitenskapelige Forskningsrad 
and Landsforeningen mot Kreft (The Norwegian Cancer Society). 

* Fellow of the Norwegian Cancer Society. 


Present address: Norsk Hydro’s Institute for Cancer Research, The Norwegian 
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to a stimulating effect of the bile acids on cholesterol absorption, 
an interpretation offered also by subsequent authors (MEMBER, 
BRuGER and OprpENHEIM 1944, Kim and Ivy 1952, SwELL, FIELp, 
Frick and TREADWELL 1953, RosENMAN, ByERs and FRIEDMAN 
1953). 

Direct measurement of the effect of bile acids on cholesterol 
absorption were, however, not carried out until recently. In a 
balance experiment Kim and Ivy (1952) found no stimulating 
effect of desoxycholate on cholesterol absorption in rats. On the 
other hand, in the experiments of FriepMAN, Byers and SHIBATA 
(1953) cholic acid addition increased cholesterol absorption. 
However, simultaneous measurements of the effect of bile acids 
on the absorption and deposition of cholesterol, permitting cor- 
relations to be made, have previously not been carried out. 

Cholesterol is known to be both synthesized and degraded in 
the liver. The possibility that bile acid ingestion might affect 
these processes did not seem inconceivable. Evidence that other 
aspects of cholesterol metabolism than absorption may be affected 
can, in fact, be found in the literature. Thus Hummet (1929) 
observed that feeding of different bile acids to normal mice led 
to a definite increase in the hepatic cholesterol content, even in 
the absence of dietary cholesterol. Furthermore, when mice with 
cholesterol deposited in the liver were fed certain bile acids on 
a cholesterol-free diet, the normal disappearance of cholesterol 
was prevented. In view of these facts a further investigation of 
the réle of bile acids in cholesterol metabolism seemed warranted. 

In the present experiments the effect of different bile acids on 
cholesterol absorption, deposition and synthesis has been studied. 
Evidence has been obtained that the increased cholesterol deposition 
in rats fed bile acids can not be adequately explained by a stimu- 
lating effect on cholesterol absorption as assumed by previous 
authors. The present data indicate that ingestion of bile acids 
influences the intermediary metabolism of cholesterol, probably 
by interfering with its catabolism in the liver. 


Experimental. 


Young rats, males and females in equal numbers, were used. The 
analytical methods and the general procedure for the measurement 
of the absorption and deposition of cholesterol have previously been 
described (Prat 1955). The absorption periods lasted 7—17 days. The 
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bile acids (cholic, desoxycholic and dehydrocholic acid,' all at a level 
of 0.5 per cent) were given in three different diets, viz. the basal diet 
previously described (Prat 1955) and the same diet with the addition 
of 5 per cent arachis oil or 9 per cent oleic acid respectively. The bile 
acids were given in the presence and absence of cholesterol, the latter 
groups being included to detect possible effects of the bile acids on the en- 
dogenous cholesterol metabolism. The control groups received identical 
diets except that the bile acids were omitted. The arrangements of the 
groups and the procedure for calculating the results are most readily 
seen from the tables. 

The effect of cholic acid feeding on the hepatic cholesterol synthesis 
was studied by measuring the incorporation of 1-C"*-acetate into 
cholesterol in surviving liver slices. The incubation was carried out in 
wide-necked Erlenmeyer flasks. 700 mg of slices from individual livers 
were incubated in 7 ml Krebs-Ringer phosphate buffer, pH 7.4, con- 
taining 1.56 uM of 1-C'-acetate. The atmosphere was oxygen and the 
temperature 38° C. The respiratory CO, was collected in a suspended 
chamber containing sodium hydroxide and a folded filter paper strip. 
After the incubation, which lasted for three hours, the flasks were 
rapidly cooled and 1 ml 1 N H,SO, was injected to stop the reaction 
and to liberate bound carbon dioxide. The flasks were left overnight 
to insure complete absorption of the CO, which was subsequently precipi- 
tated as barium carbonate. To the flasks were added sufficient KOH 
and ethanol to give a concentration of 10 per cent KOH in 50 per 
cent ethanol, and the flasks were refluxed on a boiling water bath for 
three hours. The unsaponifiable fraction was extracted with ether, 
and the cholesterol precipitated as the digitonide (WinDAvus 1910). 
The washings from the ether extracts and the alkaline water phase 
were combined, and the free fatty acids liberated by adding sulfuric 
acid. The fatty acids were extracted with petrol ether, washed twice 
with 5 per cent acetic acid and twice with water and subsequently dried 
and weighed. The cholesterol digitonide and the fatty acids were 
oxidized to carbon dioxide and converted to BaCO; by conventional 
methods (CALvin, HEIDELBERGER, REID, TOLBERT and YANKWICH1949). 
Barium carbonate samples were prepared in standard cupped planchets 
and the radioactivity determined with a thin window G. M. counter. 
The data were corrected, when necessary, to give the activity of in- 
finitely thick samples. The results have been expressed as the per cent 
of the added radioactivity recovered in the labelled constituent. 


Results. 


Absorption. The effect of the bile acid ingestion on the absorp- 
tion of cholesterol can be seen in table 1. 

In the group of rats fed cholic acid with 0.25 per cent cholesterol 
in fat-free diet the percentage absorption was greater than in the 
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corresponding control group, but the amounts absorbed in the two 
groups were almost identical. When given in fat-free diet con- 
taining 1 per cent cholesterol clearly none of the bile acids tested 
raised the absorption. As a matter of fact, lower levels of absorp- 
tion were found in the groups receiving the bile acids than in the 
control groups fed cholesterol only. It therefore seems justified 
to conclude that the added bile acids had no effect on the ab- 
sorption of cholesterol on fat-free diet. 

The experiments in which bile acids were given together with 
arachis oil or oleic acid in the diet, gave less consistent results. 
The experiment on group 44 which was given cholic acid with 
5 per cent arachis oil seems to demonstrate a stimulating effect 
of cholic acid, in agreement with the findings of FrrepMaNn, ByERs 
and Sxrpata (1953). However, no definite effect was found in 
a parallel group or in the groups given desoxycholic or dehydro- 
cholic acid together with 5 per cent arachis oil. Whether cholic 
and desoxycholic acid stimulated the absorption of cholesterol 
when given together with 9 per cent oleic acid can not be stated 
with certainty because of the variable results obtained in the 
control groups. 


Deposition. The effect of the bile acid ingestion on the con- 
current deposition of cholesterol in the liver and on the serum 
cholesterol level is seen in table 2. In all groups fed cholesterol a 
significant cholesterol deposition which was further increased by 
bile acids, was observed. Since no distinct increase in the liver 
cholesterol content was found in the rats fed bile acids in the 
absence of cholesterol, the extra cholesterol deposited when both 
cholesterol and bile acids were fed must have been — at least 
predominantly — of exogenous origin.' The effect on the depo- 
sition was pronounced with cholic and desoxycholic acid, while 
in comparison dehydrocholic had only a moderate effect. These 
findings are in principal agreement with previous reports (LOEFF- 
LER 1928, HumMEL 1929). 

The observations on the effect of the bile acids on the serum 
cholesterol levels were likewise in qualitative agreement with ob- 
servations of previous investigators, in so far as the groups given 
bile acids in most cases showed higher serum cholesterol values 
than those fed cholesterol only. However, the variability in the 


1 Any effect of the bile acids on the deposition of endogenous cholesterol would 
be eliminated by the method of calculation (see table 2). 
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Table 3. 


Summary of the effect of bile acid ingestion on the deposition of cholesterol 
in the liver. 


navel __| Cholesterol | Deposition 
| _ absorption > as | in per cent | 
Bi Fat per day of absorp- 
ile acid ae tero- : per day | ti | 
of mg mg | ion 
Cholic 39 | 255 
| 
| | | 28.8 2.2 7.6 
Cholic acid ......... 0 6.5 26.6 
Desoxycholic acid... 21.9 7.3 33.3 
Dehydrocholic acid. . | 22.2 3.2 14.4 | 
24.7 5.6 22.7 
Cholic acid ......... 5 1.0 46.8 15.1 32.3 
» ‘ 29.3 10.8 36.9 
Desoxycholic acid... 25.0 10.6 42.4 
Dehydrocholic acid. . 27.4 7.6 27.7 | 


serum cholesterol values was considerable, and in certain cases no 
correlation between liver and serum cholesterol levels was found. 

The data demonstrate clearly that when increased levels of 
cholesterol were present in liver and blood, the main increase 
occurred in the esterified cholesterol fraction. 

The present finding that dietary bile acids markedly increased 
the deposition of cholesterol in rats where the absorption was 
not increased indicates a post-absorptive effect of the bile acids. 
Table 3 is instructive in this respect. In the groups where cholic 
and desoxycholic acid were added, the fraction of absorbed 
cholesterol being deposited was considerably increased. This effect 
of the bile acids is particularly evident in the series of animals 
on the fat-free diet. However, even in the one experiment where 
the addition of cholic acid appeared to have increased the 
absorption (group 44), this extra effect on the deposition is 
evident. 

The deposition of cholesterol, in per cent of the absorbed 
amount, was in all cases greater on the fat containing than on 
the fat-free diet. This result suggests that dietary fat influences 
the fate of absorbed cholesterol, in agreement with previous 
findings (Prat 1955). 


Table 4. 
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Synthesis. It was argued above that the extra cholesterol deposited 
in the rats fed cholesterol and bile acids was predominantly of 
exogenous origin. However, an effect of the bile acids on the 
synthesis might have contributed to the net result. In order to 
test this possibility the effect of cholic acid feeding on the synthesis 
of cholesterol was studied in surviving liver slices (table 4). 

Following the ingestion of 1 per cent cholesterol for 13 days 
(experiment 1) the incorporation of labelled acetate into cholesterol 
was almost abolished in agreement with previous reports (Tom- 
KINS, SHEPPARD and CuHarkorr 1953, Lanepon and BLocu 
1953). The incorporation of acetate carbon into fatty acids and 
respiratory CO, was not affected. When 0.5 per cent cholic acid 
was added to the diet (experiment 2) the typical effect on the 
deposition was observed. In the groups fed cholesterol, the cho- 
lesterol synthesis was again almost abolished. It is therefore 
clear that an effect of the cholic acid on the synthesis did not 
contribute to the increased cholesterol deposition. 

In the livers of the rats fed cholic acid without cholesterol 
(experiment 2) the incorporation of acetate into cholesterol was 
definitely lower than in the rats fed stock diet only (experiment 1). 
In experiment 3 the synthesis was compared in pair-fed animals 
given stock diet with and without the addition of cholic acid. 
Clearly the results in this experiment were not conclusive. However, 
considered in their entirety the data suggest that cholic acid in- 
gestion may inhibit the hepatic synthesis of cholesterol. 

The fact that in the experiments here presented, increased 
deposition of cholesterol was observed under conditions where 
neither the absorption nor the hepatic synthesis was increased, 
indicates that the extra deposition was due to a reduced catab- 
olism of cholesterol in the liver. 


Discussion. 


The main conclusion emerging from the present study is that 
administration of bile acids may reduce the capacity of rats to 
catabolize absorbed cholesterol. This interpretation is consistent 
with the previously mentioned findings (HumMMEL 1929) that 
ingestion of bile acids, in the absence of dietary cholesterol, in- 
creased the liver cholesterol content of normal mice and pre- 
vented the disappearance of cholesterol previously stored in 
the liver. 
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The observed effect of the bile acids on the metabolism of 
cholesterol in the liver is possibly associated with the well-known 
fact that cholesterol is degraded to bile acids in this organ (BLoca, 
BerGc and RITTENBERG 1943, BerGstrROM 1952, SIPERSTEIN and 
CHAIKOFF 1952). Since the enterohepatic circulation is known to 
operate with remarkable efficiency (SIPERSTEIN, HERNANDEZ and 
CHAIKOFF 1952) the livers of animals consuming bile acids will 
presumably be flooded with the products of cholesterol degrada- 
tion. Cholic acid is known to be the main end product of the 
hepatic cholesterol degradation in the rat (ByERs and Bices 1952, 
BERGSTROM 1952) and evidence has been presented that desoxy- 
cholic acid is an intermediate in its formation (BERGsTROM, 
RoTTENBERG and SJ6vALL 1953) while on the other hand dehydro- 
cholic acid does not appear to be formed from cholesterol in the 
liver. The quantitatively different effects of the bile acids ob- 
served in the present and previous studies may possibly be related 
to these facts. SWELL, FIELD and TREADWELL (1953) have recently 
observed that the relative ability of various bile acids to activate 
pancreatic cholesterol esterase in vitro paralleled their ability to 
increase the blood cholesterol level of rats in feeding experiments 
(SWELL, Fiick, FIeELD and TREADWELL 1953). The inference that 
the in vivo results could be accounted for by the relative effects 
of the bile acids on pancreatic cholesterol esterase in the intestine 
is, however, not supported by the present data. 

In numerous investigations bile acids have been included in 
the experimental diets with the purpose of increasing cholesterol 
absorption. However, the present results indicate that a signif- 
icant part of the effect of bile acids on blood and tissue cholesterol 
concentrations observed in prolonged feeding experiments may be 
due to a metabolic effect of the bile acids. 


Summary. 


The effect of cholic, desoxycholic and dehydrocholic acid on 
the intestinal cholesterol absorption and on the simultaneous dep- 
osition of cholesterol in the liver has been studied in balance 
experiments on rats. 

Bile acid ingestion on a fat-free diet did not increase the ab- 
sorption of cholesterol. 

When the effect of the bile acids were tested on a diet containing 
5 per cent arachis oil or 9 per cent oleic acid, a stimulating effect 
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on cholesterol absorption was only observed in one group fed 
cholic acid with arachis oil. The variability in these experiments 
was considerable and no clearcut conclusion could be drawn con- 


cerning the effect of bile acids on the intestinal absorption of | 


cholesterol in the presence of dietary fat or fatty acids. 

The deposition of cholesterol in the liver was markedly increased 
by cholic or desoxycholic acid ingestion and moderately but 
definitely increased by dehydrocholic acid ingestion. 

The serum cholesterol levels of the rats fed bile acids reflected 
in most cases the increased deposition in the liver. 

The simultaneous measurements of cholesterol absorption and 
deposition indicated a post-absorptive effect of dietary bile acids 
on cholesterol metabolism. 

Cholic acid feeding, in the presence or absence of dietary 
cholesterol did not increase the hepatic cholesterol synthesis in 
vitro, as judged by the incorporation of 1-C"* acetate into choleste- 
rol in surviving liver slices. 

The inference has been made that bile acid ingestion probably 
interferes with the catabolism of cholesterol in the liver. 
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The Mode of Neuromuscular Block Caused by 
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and Succinylcholine.' 
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Neuromuscular blocking agents may be divided into those 
which prevent depolarization of the motor end-plate region and 
into those which by themselves depolarize this region. The nature 
of the neuromuscular block caused by the first group, 7. e. tubo- 
curarine-like agents, is fairly well understood. It is generally 
accepted that they block the transmission by decreasing the sen- 
sitivity of the end-plate region to the transmittor substance, and 
that they do not alter the membrane potential. 

The mechanism of the neuromuscular block caused by the sec- 
ond group, 7. e. agents which by themselves depolarize the end- 
plate region, is less well known. Of the agents belonging to this 
group, the effects of acetylcholine, nicotine, decamethonium and 
succinylcholine have been most studied. The investigations of 
Brown, DALE and FELDBERG (1936) and of Bacg and Brown 
(1937) showed that acetylcholine and nicotine may cause a 
neuromuscular block, and BucuHTHAL and LinpHaRD (1937) 
and KurFFLER (1943) demonstrated that these agents specifically 
depolarize the end-plate regions of skeletal muscle. BaRLow and 
Inc (1948) and Paton and Zarmis (1949) introduced decametho- 


1 A preliminary report on the results obtained with acetylcholine has been 
published (THESLEFF 1955). 
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nium as a neuromuscular blocking substance, and Burns and 
Paton (1951) investigated its effect on the gracilis muscle of the 
cat. Using surface electrodes, Burns and Paton were able to 
demonstrate that the neuromuscular block produced by de- 
camethonium and acetylcholine was well correlated to the degree 
of depolarization caused by these agents at the end-plate regions 
of the muscle, as judged by demarcation-potential measurements. 
On the basis of their findings, they suggested that both decametho- 
nium and acetylcholine interrupt neuromuscular transmission by 
depolarizing persistently the end-plate region. This theory of the 
mode of action has found wide acceptance, and has been adopted 
to explain the neuromuscular block caused by succinylcholine 
(GINZEL et al. 1951 A, THESLEFF 1952). 

As long as no studies have been made of the direct relation of 
such a neuromuscular block to the membrane potential of single 
end-plates, the aforementioned mode of action must, however, 
be regarded as hypothetical. Consequently, the immediate pur- 
pose of the present investigation was a study of the effect of ace- 
tylcholine, nicotine, decamethonium and succinylcholine on the 
end-plate potential and resting membrane poteatial of single 
muscle fibres, and thereby of the direct relationship between the 
neuromuscular block and the membrane depolarization caused by 


these agents. 


Methods. 


The experiments were performed on the sartorius nerve-muscle prep- 
aration of the frog (Rana temporaria) during October to January, at 
a room temperature of about 21° C. 

External recording. For recording of the demarcation potential, the 
muscles were mounted vertically in a holder with their pelvic end 
uppermost. The nerve was lifted out of the Ringer’s fluid and stimulated 
with single supramaximal shocks at a frequency of 40/min. The recording 
was made when the fluid was run out at an approximately constant rate, 
with one electrode in the upper end of the muscle and the other electrode 
in the bath. The potential distribution along the muscle surface was re- 
corded continuously on a slowly moving film. The muscle had to be 
prepared with care to avoid injury. To diminish injury potentials, the 
muscle was stored for 24 hours at 4° C. Muscles which showed potential 
differences greater than 1 mV were discarded. A conventional battery- 
operated dc-amplifier with a frequency response flat to 10,000 was 
used. 

Intracellular recording. The recording was made with capillary micro- 
electrodes with an external tip diameter of less than 0.5 yw, filled with 
3 M—KCl (for details of the technique, see Nastuk and HopGKIN 
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1950 and Fatt and Katz 1951). Only electrodes with a resistance of 
less than 10MQ2 were used, most frequently 1—3 MQ. 

The freshly-dissected muscle was placed on a perspex block through 
which it was illuminated, and the preparation was viewed with a bin- 
ocular dissecting microscope. The microelectrode was connected to 
the input stage through an Ag—AgCl electrode, and the bath contained 
an agar-Ringer fluid bridge connecting to an Ag—AgCl electrode. The 
bath electrode led to earth via small resistances, through which a cali- 
bration voltage could be applied. The microelectrode assembly was 
placed on a Zeiss slide micromanipulator. 

The end-plate region of single muscle fibres with their point of 
maximum e. p. p. was located in the curarized muscle (d-tubocurarine 
chloride 4—5 x 10~*) as described by Farr and Karz. By careful 
mapping of the microscopic field, it was possible to identify the fibre 
and to return to the same spot within 50. To remove the curare so- 
lution, the muscle was washed for 60 minutes with Ringer’s fluid. 
During the experiment, the Ringer’s fluid in the bath was changed 
about every 30 mirutes. 

For recording, a dc-amplifier was used (frequency response flat 
0--35,000) with a cathode follower (RCA 954) as input stage, as de- 
scribed by Nastuk and Hopek1n. The grid current was < 5 x 107". 
E. p. p. s. were recorded with single sweep, and changes in membrane 
potential on a slowly moving film. 

Measurement of the electrical threshold of the muscle membrane. 
The determinations were made as described by CAsTILLo and ENGBAEK 
(1954). Two microelectrodes were inserted less than 50 j« apart in the 
nerve-free pelvic part of a muscle fibre. One of the electrodes was con- 
nected to a circuit containing a source of E. M. F. delivering rectangular 
pulses of current. The second microelectrode was used to record the 
resulting potential changes. The largest potential change which just 
failed to flare up into an action potential was taken as a measure of 
“threshold”. 

Solutions. The Ringer’s fluid had the following ionic composition 
expressed in m.mole/].: Na 115; K 2.1; Ca 1.8; all the salts were used as 
chlorides. Wher the effects of acetylcholine were tested, the cholinester- 
ase activity of the muscle was inhibited by the addition to the bath of 
neostigmine bromide 10~*, 20 minutes prior to the addition of acetylcho- 
line. The compounds used in the study were: d-tubocurarine chloride 
(Abbott), acetylcholine iodide (Hoffmann La-Roche), nicotine alkaloid 
(Eastman Kodak Company), decamethonium iodide (Kabi), succinyl- 
choline iodide (Vitrum), choline chloride (Pharmacia) and neostigmine 
bromide (Leo). Fresh solutions of the compounds were prepared for 
each day’s experiment. Solutions of acetylcholine, nicotine and succi- 
nylcholine were prepared immediately prior to use. Unless otherwise 
stated, the concentrations given are expressed in gm/ml. 

Inhibition of cholinesterase activity. The inhibition of cholinesterase 
activity (I 50) in the sartorius muscle by decamethonium iodide and 
neostigmine bromide was determined according to the electrometric 
method of TAMMELIN (1953). 
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Results. 


Effect of acetylcholine and nicotine on the demarcation potential 
of the muscle. 


With external recording, a total of 16 experiments were made; 
6 experiments with acetylcholine and 10 with nicotine. 


Fig. 1. A. The action potential at the end- 
plate region of normal muscle as recorded with 
extracellular electrodes. B. The action potential 
in the same region of the muscle during maxi- 
mum depolarization caused by acetylcholine 
iodide 2 x 10-5. C. Five minutes later, the 
depolarization of the end-plate region has 
almost subsided and neuromuscular transmis- 
sion is completely blocked. Time 5 msec. 


In the presence of neostigmine bromide 1—2 x 10~°, acetyl- 
choline iodide in a concentration of 1—2 x 10~° caused a neuro- 
muscular block which was complete 6—15 minutes after the addi- 
tion of acetylcholine to the bath. Immediately after the addi- 
tion of the substance, a maximum negativity of the muscle sur- 
face was observed at points corresponding to the end-plate re- 
gions of the muscle. The recorded negativity was 5—10 mV and 
it started to subside within a few minutes. During this phase of 
most marked negativity, stimulation of the motor nerve elicited 
muscle twitches, and the action potentials recorded were only 
moderately reduced in size (Fig. 1). When the negativity of the 
muscle end-plate region started to subside, the action potentials 
were reduced, and a complete neuromuscular block developed at 
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about the same time as the demarcation membrane potential 
reached its normal value (Figs. 1 and 2). A further addition of 
acetylcholine to the muscle bath no longer altered the demarca- 
tion potential of the muscle. Neuromuscular transmission was not 
restored until the fluid in the bath was changed and the muscle 
washed with fresh Ringer’s fluid for 15—45 minutes. 


Fig. 2. The uppermost curve shows the 

demarcation and action potentials of normal 

muscle soaked in Ringer’s fluid and neo- 

stigmine bromide 10 -¢. The subsequent curves 

are obtained at one minute intervals after the 

addition to the muscle bath of acetylcholine 
iodide 2 x 10-5, 


The effect of nicotine in a concentration of 1—2 x10~° was 
similar to that observed with acetylcholine. The only exception 
was that a complete neuromuscular block developed earlier with 
nicotine than with acetylcholine, and at a time when the negativ- 
ity of the muscle surface had not completely subsided. After 
nicotine, it was more difficult to restore neuromuscular transmis- 
sion by washing with Ringer’s fluid than after acetylcholine. 

The disappearance of the negativity of the muscle surface might 
be due to a spread of depolarization along the whole muscle. That 
this is unlikely was shown by recording the spread of negativity 
after a crush injury to the muscle. The injury potential reached a 
value of about 18 mV and spread along the muscle to the extent of 
only 1 mm in one hour (Fig. 3). Subsequent experiments with intra- 
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cellular recording provided another explanation of the disappear- 
ance of depolarization. 


Neuromuscular block and resting membrane potential of single 
muscle fibres. 

The experiments were made with capillary microelectrodes on a 
total of 22 muscles, in which 73 end-plates and their point of 
maximum e. p. p. were located. The mean resting membrane po- 
tential of the end-plates was 92.6+ 1.05 mV (S. E. of mean). 


mV 


-20 
-1o} 


Distance in mm 
Fig. 3. The spread of injury potential along the muscle surface. The solid line 


shows the distribution of injury potential 3 minutes after a crush injury to the 
muscle, and the dotted line the same potential 60 minutes later. 


The effects of acetylcholine iodide were investigated in 10 muscles 
(22 end-plates), of nicotine in 5 muscles (23 end-plates), of de- 
camethonium iodide in 4 muscles (15 end-plates) and of succinyl- 
choline iodide in 3 muscles (13 end-plates). 

In the presence of neostigmine bromide 10°, acetylcholine iodide 
in a concentration of 0.5—2 x 10~° produced a neuromuscular 
block. The addition of acetylcholine to the muscle bath led to 
fibrillar twitches of the muscle fibres. When these twitches had 
subsided after about 60 seconds, the tip of the microelectrode was 
reinserted in a previously located end-plate region of a single 
muscle fibre and the resting membrane potential continuously 
recorded. These concentrations of acetylcholine brought about a 
considerable reduction in the membrane potential at the end-plate 
region. The depolarization nevertheless subsided spontaneously 
without removal of the acetylcholine, and the membrane potential 
was restored to about its original value within 7—15 minutes, as 
shown in Fig. 4 A. A subsequent addition of acetylcholine to the 
bath did not significantly change the membrane potential (Fig. 
4 A). The same results were obtained if the microelectrode, instead 
of being continuously inserted at the end-plate region, was with- 
drawn and inserted at short intervals. During the period of depo- 
larization, a neuromuscular block developed, and persisted despite 
repolarization of the membrane to the normal level. End-plate 
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potentials could sometimes be recorded during the phase of de- | 
polarization but never in the later phase when the resting mem- | 


brane potential was once more normal. During the phase of com- 


plete neuromuscular block, the mean resting membrane potential | 


of 22 end-plates was 88.7 + 1.17 mV. 


Neuromuscular transmission remained completely blocked as | 


long as acetylcholine was in the muscle bath and could be restored 
only by washing the muscle in Ringer’s fluid for 15—45 minutes. 
During the period of washing, the resting membrane potential 
remained normal, and end-plate potentials reappeared before the 
block was relieved. 

In the absence of neostigmine, a qualitatively similar neuro- 
muscular block was produced by acetylcholine in about ten times 
higher concentrations. Choline chloride in concentrations corre- 
sponding to the amounts of acetylcholine used had no detectable 
influence on the resting membrane potential or on the neuromus- 
cular transmission. 

The results obtained with nicotine, decamethonium and succi- 
nylcholine were qualitatively similar to those observed with ace- 
tylcholine. A neuromuscular block was obtained with the following 
concentrations: nicotine 1.5—3 x 107°, decamethonium iodide 
4—8 x 10-°, and succinylcholine iodide 1—2 x 10~°. The first 
effects observed were fibrillar twitches of the muscle fibres and 
depolarization of the end-plate regions. The depolarization was not 
fully as marked, nor was the membrane potential restored as 
rapidly as with acetylcholine (Fig. 4). After nicotine in particular, 
the depolarization subsided slowly and the resting membrane 
potential was not completely restored (Fig. 4 B). When the de- 
polarization had subsided, a subsequent addition of any of the 
compounds or of acetylcholine no longer changed the membrane 
potential. The changes observed in the resting membrane potential 
were invariably seen only at the end-plate region and never in 
the nerve-free part of the muscle fibre. 

As with acetylcholine, the neuromuscular block developed during 
the phase of depolarization and persisted when the membrane was 
repolarized. The mean resting membrane potential of end-plate 
regions during a complete neuromuscular block was with nicotine 
83.3 + 1.44 mV (23 measurements), with decamethonium 89.8 + 
2.36 mV (15 measurements) and with succinylcholine 87.1 + 2.92 
mV (13 measurements). Neuromuscular transmission was com- 
pletely blocked as long as the compounds remained in the muscle 
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-100 
mV mV 
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-80} 
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0 10 15 ~=min. 20 0 5 10 15min. 
Fig. 4. Continuous recording of the resting membrane potential at the end-plate 


region of single muscle fibres. At the arrows, the following agents are added to the 


Ring 


Fig. 


er’s fluid: A. acetylcholine iodide 10—5, B. nicotine 1.5 x 10—5, C. decametho- 
nium iodide 4 x 10-5, D. succinylcholine iodide 2 x 10-5, 


| 


T 


5. Effect of repetitive stimulation of the motor nerve on end-plate potentials 


when neuromuscular transmission is blocked by: A. acetylcholine iodide 2 x 10-5, 
B. nicotine 1.5x10—5, C. decamethonium iodide 8 x 10-5, D. succinylcholine 


iodide 1.5 10—5, E. d-tubocurarine chloride 5x 10---, Time 5 msec. 
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bath and was restored only by washing the muscle in Ringer’s 
fluid for 15—45 minutes. 


Effects on the end-plate potential. 

The end-plate potentials observed during a neuromuscular block 
caused by acetylcholine, nicotine, decamethonium and succinyl- 
choline were increased in size by repetitive stimulation of the 
motor nerve in the same characteristic manner as during a block 
caused by d-tubocurarine (Fig. 5). 

The time-course of an end-plate potential during neuromuscular 
block caused by acetylcholine, nicotine and succinylcholine was 
similar to that observed with d-tubocurarine. With decametho- 
nium, the end-plate potential had a longer duration and resembled 
that observed after the addition of neostigmine to a curarized 
muscle (Fig. 6 III and I). Ecctes and MacFaruane (1949) and 
Fatt and Katz (1951) have shown that neostigmine markedly 
prolongs the duration of an end-plate potential and that this 
prolongation is presumably due to the anticholinesterase activity 
of neostigmine. Decamethonium is not known to be a potent 
inhibitor of cholinesterases, and it was therefore of interest to 
determine its potency as an inhibitor of cholinesterases in the 
sartorius muscle of the frog. Such a determination showed that 
decamethonium iodide in a concentration of 8 x 10~° produced a 
50 per cent inhibition of the acetylcholinesterases in the muscle. 
The corresponding concentration of neostigmine bromide was 
2.i x 10°". The effect on the end-plate potential of these equipo- 
tent concentrations of decamethonium and neostigmine is shown 
in Fig. 6 III and II. It is evident that decamethonium in this 
concentration caused a marked prolongation of the end-plate po- 
tential, whereas neostigmine in a corresponding concentration had 
no significant effect. Neostigmine bromide in a concentration of 
10~°, as used in Fig. 6 I, caused complete inhibition of the cholin- 
esterase present in the muscle. This effect on the end-plate poten- 
tial seems to be poorly correlated to the degree of cholinesterase 
inhibition caused by decamethonium. It is therefore possible that 
other factors than inhibition of cholinesterase are responsible for 
the observed lengthening of the end-plate potential. 


Effect on the electrical threshold of the muscle membrane. 

A decrease in the direct excitability of mammalian muscles 
treated with acetylcholine has been observed by Brown (1937) 
and in that of muscles treated with decamethonium, succinylcho- 
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MODE OF 


NEUROMUSCULAR BLOCK. 


Fig. 6. Effects on the time-course of the end-plate potential of neostigmine and 

decamethonium. IA, IIA and IIIA show e. p. p.s during neuromuscular block 

caused by d-tubocurarine chloride 5—10 x 10—*. In IB is seen the effect on these 

end-plates of neostigmine bromide in a concentration of 10—¢, and in IIB its effect 

in a concentration of 2.1 x 10-7, IIIB shows the effect of decamethonium iodide in 
a concentration of 8 x 10-5, Time 5 msec. 


line and nicotine by Ginzet et al. (1951 B and C). The most 
probable explanation of such a decrease would be an action of 
these substances on the electrical threshold of the muscle mem- 
brane. In order to obtain quantitative data on this action, the elec- 
trical threshold of the muscle membrane was determined in mus- 
cles treated with these substances. The results are recorded in 
Table 1. 

‘Lae elevation in threshold that was observed in muscles treated 
with decamethonium was highly significant as compared to normal 


Table 1. 
fee = Mean mem- | Mean 
Compound | sea | No. of | No. bee brane poten- threshold 
tial in mV in mV 
| | 
| Normal Ringer’s | 
6 | 86 | 82.4 + 0.82'| 31.4 + 0.88! 
| Neostigmine bro-| 
mide + acetylcho-| 
line iodide ...... 110-6+ 2 10-5) 3 50 | 80.4+ 0.74 | 33.4 + 0. 
Lk ee 1.5105 4 66 | 77.2 + 0.62 | 28.1 + 1.02 
| Decamethonium | 
8 x10-5 4 59 77.4 + 0.90 | 37.0 + 1.28 
Succinylcholine | | 
NS eS 2 x10-5) 5 82 80.4 + 0.77 | 30.8 + 1.17 


1 §. E. of mean. 
16—553010. Acta phys. Scandinav. Vol. 34. 
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(p = < 0.001). The decrease in threshold observed with nicotine 
was significant (p = < 0.05). Another difference was that the 
slope of the depolarization potential was much steeper in muscles 
treated with decamethonium than in normal muscles (Fig. 7). 


Fig. 7. Effect of decamethonium on the electrical threshold of the muscle fibre 
membrane. A. muscle soaked in normal Ringer’s fluid. B. muscle soaked in solution 
containing decamethonium iodide in a concentration of 8x 10-5. Time 20 msec. 


These results differ from those of Brown and of GinzEL et al., 
using direct electrical stimulation of the whole muscle. The dis- 
crepancy may be due to specie variations but is most probably to 
be ascribed to the difficulty of comparing quantitative measure- 
ments with qualitative observations. 
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Discussion. 


The present investigation has shown that acetylcholine, nico- 
tine, decamethonium and succinylcholine have a qualitatively 
similar action on the neuromuscular transmission in the frog. 
In appropriate concentrations, they cause an initial depolarization 
of the end-plate regions of the muscle and a neuromuscular block. 
The depolarization of the end-plate regions is of short duration, 
and the membrane potential is spontaneously restored to about 
its normal value without removal of the agent. The neuromuscular 
block develops during the period of depolarization and persists 
despite repolarization of the muscle membrane. 

A closer study of the relationship between membrane potential 
and neuromuscular block reveals that the period of depolarization 
is not accompanied by a maximum of neuromuscular block. 
Moreover, a complete neuromuscular block does not develop until 
the membrane potentials of the end-plate regions are restored to 
about their normal values (Figs. 1 and 2). Thus, it is not possible 
to show any relationship between the membrane depolarization 
and the neuromuscular block caused by the agents investigated. 
Although the depolarization of the end-plate regions may neverthe- 
less be responsible to some extent for the initial neuromuscular 
block, it must be emphasized that this can apply only during the 
very first minutes and that, subsequently, the neuromuscular 
block is not associated with any depolarization of the muscle 
membrane. The threshold depolarization for causing a neuro- 
muscular block occurs at a membrane potential of 57—52 mV, 
as demonstrated by JENERICK and GERARD (1953). 

During the block of neuromuscular transmission, application 
of acetylcholine to the muscle no longer elicits any depolarization 
of the muscle membrane, and the end-plate potentials are found 
to have disappeared. Furthermore, a presynaptic potentiation is 
observed similar to that described with d-tubocurarine by Ecc.es, 
Katz and KuFF_er (1941). These findings indicate that the end- 
plates do not react to the depolarizing effect of acetylcholine. 

It can therefore be concluded that the neuromuscular block caused 
by acetylcholine, nicotine, decamethonium and succinylcholine in 
the frog is not due to a persistent depolarization of the end-plate re- 
gions of the muscle or of adjacent muscle membrane, but to a decrease 
in sensitivity of the end-plates to the transmittor substance. 

The finding of BucnutHat and LinpHArRD (1939) that the end- 
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plate region of lizard’s striated muscle fibre is refractory to a 
second dose of acetylcholine, as well as the statements of Fatt 
(1950 and 1954) that in frog muscle an excess of acetylcholine will 
render the end-plates unreactive, and that the depolarization caused 
by acetylcholine is not maintained, are in good conformity with the 
present results and with the conclusions drawn from them. 

There is no evidence that the mode of neuromuscular block 
caused in the frog by acetylcholine, nicotine, decamethonium and 
succinylcholine is the same as that produced by these agents at 
the mammalian neuromuscular junction. If, however, the mode 
of action were supposed to be the same, an explanation would be 
provided of many observations that are not in agreement with 
Burns and Paton’s theory of a persistent depolarization block. 
These are the findings of Zarmis (1952) and of THESLEFF and 
Unna (1954) indicating that decamethonium and homologues of 
decamethonium have both a ‘‘tubocurarine-like”’ and a depolarizing 
action on certain mammalian and avian muscles. Nicotine has 
also been reported to have such a “‘dual’’ mode of action on the 
gastrocnemius and tibialis muscle of the cat (Baca and Brown 
1937). The observations of Burns and Paton that successive 
doses of decamethonium produced a progressively smaller depo- 
larization in the gracilis muscle of the cat are also compatible with 
such a mode of action. 


Summary. 


The neuromuscular block produced in frog muscle by acetyl- 
choline, nicotine, decamethonium and succinylcholine has been in- 
vestigated with extracellular and intracellular recording electrodes. 

The agents investigated are found to act on the neuromuscular 
junction in a qualitatively similar way. 

They cause a brief depolarization of the end-plate regions, which 
nevertheless subsides spontaneously without removal of the agents, 
and restoration of the membrane potential to about its normal 
value takes place. 

A neuromuscular block develops during the phase of depolariza- 
tion and persists despite repolarization of the muscle membrane. 

The period of depolarization is not accompanied by a maximum 
of neuromuscular block, and a complete neuromuscular block does 
not develop until the membrane potential of the end-plate regions 
is restored to about its normal value. 
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During the block of neuromuscular transmission, the end-plate 
regions of the muscle are insensitive to the depolarizing effect of 
the transmittor substance. 

It is concluded that the neuromuscular block caused by acetyl- 
choline, nicotine, decamethonium and succinylcholine is not due to 
a persistent depolarization of the end-plate regions or of adjacent 
muscle membrane, but to a decrease in sensitivity of the end-plate 
to the transmittor substance. 

The effects of the agents on the time-course of the end-plate 
potential and on the electrical threshold of the muscle membrane 
have been investigated. 

The results and their implications are discussed with reference 
to existing theories on the mode of neuromuscular block caused by 
the agents investigated. 
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Introduction. 


The fact that insulin promotes the uptake of glucose by muscle 
cells was clearly established by GemMILL’s (1941) studies on the 
isolated rat diaphragm. The same conclusion had also been 
reached from experiments on hepatectomized animals (MANN and 
MacatH 1923, Burn and Dae 1924) and perfused hind limbs of 
cats (Best 1926, NIELSEN 1933). 

Studies on the latter preparation (GAMMELTOFT et al. 1944) 
showed that, by contrast, insulin is without effect upon the 
fructose uptake. These experiments seemed to indicate then that 
the uptake of hexoses by muscle cells is limited by factors of 
marked steric specificity. 

The incompleteness of this specificity is indicated however by 
the recent work of Levine and his group (LEvINE et al. 1950, 
GOLDSTEIN et al. 1953) who found that insulin promoted the 
distribution of D-galactose (as well as D-xylose and L-arabinose) 
in the eviscerated, nephrectomized dog, while no such effect was 


1 The work herein reported was carried out while the author held a United 
States Government grant under P. L. 584, the Fulbright Act. — Present Address: 
University of Kansas Medical Center, Kansas City, Kansas. 
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exerted on D-fructose, D-arabinose, D-mannose, etc. These 
authors drew the conclusion that insulin increases the rate of 
entrance into muscle cells of only such monohexoses having the 
same configuration at the 1, 2 and 3 carbons as D-glucose. 

Wick and Drury (1953) claimed to have obtained confirmatory 
results from similar experiments performed on rabbits. The con- 
firmatory value of their data seems, however, equivocal. It is true 
that when carrier-free labelled galactose was used, insulin clearly 
promoted its elimination from the blood. On the other hand, when 
besides the labelled galactose, carrier galactose in amounts com- 
parable to those used by LEVINE et al., (1 g/kg of body weight) 
was added, the three hour volume of distribution of galactose 
was only about 30 per cent even in insulin-treated animals (cf. 
their figures 1 and 2). This is in marked disagreement with the 
figure of 65—70 per cent reported by Levine et al. 

This discrepancy is unfortunate, since a dissimilarity in the 
rates of uptake of various monohexoses as indicated by LEVINE 
et al.’s studies must greatly influence our conception of the 
nature of the uptake of these substances by cells. It was therefore 
felt that further work on the effect of insulin on D-galactose 
distribution was desirable, and it was decided to study the prob- 
lem in the perfused hind limb preparation. This offers the ad- 
vantages over the eviscerated animal of being less complex (heart, 
lungs, central nervous system and all known endocrine glands are 
lacking) and of permitting maintenance of a steadier blood cir- 
culation. 

It has been long known — especially from experiments on 
diabetic patients (cf. e. g. ERREBO-KNUDSEN 1948) — that mus- 
cular exercise may cause a lowering in the blood glucose con- 
centration, and such findings were naturally taken as an indica- 
tion that the uptake of glucose by muscle cells is enhanced when 
they are activated. Since the blood glucose concentration is deter- 
mined by a multitude of factors such experiments on whole sub- 
jects are, however, unable to provide information on the quan- 
titative aspects of the question, 7. e. on the magnitude of the 
additional glucose uptake and its time-parameter. This problem 
was therefore studied in the electrically stimulated hind limb 
preparation. The same approach has also been used to determine 
the effect of muscular exercise on the uptake of D-fructose and 
D-galactose. 
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Methods and Experimental Technique. 


Experimental technique. 

Hind limb preparations, weighing between 1.1 and 1.7 kg, were 
obtained from Amytal-anaesthetized cats of body weight generally 
between 3.5 and 5.5 kg. The preparations were made and the per- 
fusions performed according to the method designed by NIELSEN (1933) 
and later somewhat modified (LUNDSGAARD et al. 1936). Two etherized 
cats served as donors for the (somewhat diluted) defibrinated blood 
used for the perfusion. Haematocrit values ranged from 25—35. All 
cats had been starved for 36—48 hours. 

Perfusions were carried out at mean arterial pressures between 80 
and 100 mm Hg. The minute volume was generally around 40 ml/min. 
immediately after the perfusion was started, but rose to 60—80 ml/ 


— 


min. within some 15—25 min. and then remained essentially unchanged | 


in the resting preparation. 

In experiments on the effect of muscular exercise on hexose uptake 
the preparations were stimulated tetanically (approx. 80 stimuli per 
sec.) by two induction coils, one for each limb. The secondary cecil ter- 
minals were connected to pad electrodes placed over the lumbar plexus 
and needle electrodes inserted below the Achilles’ tendons. Stimulation 
periods lasting approx. 4 seconds alternated with resting periods of 
similar duration. Contractions were obtained in extensors as well as 
flexors and adductors, but the dominant response was extension and a 
spring dynamometer was arranged to be pulled out by this movement. 
The strength of the stimulation was adjusted so as to raise the rate 
of oxygen consumption to about 4 times the resting value (7. e. from 
approx. 3 ml O,/min. to approx. 12 ml/min.) and this level was main- 
tained by keeping a constant deflection on an oximeter perfused by 
the venous blood returning from the preparation. There was a prompt 
vasodilatory response to stimulation, and the minute volume had to 
be increased within some 5 minutes to approx. 150 ml/min. during 
stimulation in order to maintain unchanged arterial perfusion pressure. 


Analytical Methods and Calculations. 


Arterial and venous blood was analysed one or two times during 
each experiment for oxygen and total carbon dioxide contents (VAN 
SLYKE’s manometric method); oxygen consumption was calculated 
from the arterial-venous difference and the minute volume. Haema- 
tocrit determinations were made occasionally throughout the experi- 
ments. 

All other analyses were made on serum from arterial blood. Blood 
samples were centrifuged immediately after they had been withdrawn 
and the serum either stored to next day in a refrigerator or immediately 
subjected to protein precipitation. 

Glucose and fructose were determined on a 1:10 ZnSO,/NaOH 
filtrate prepared ad modum Somoeyi (1930). Reducing power was 
measured in the filtrate by HaGEpDoRN and JENSEN’s method (1923) 
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and “fructose” by BoJEsEN’s diphenylamine method (1952); when 
both hexoses were present their concentrations were calculated in a 
way similar to that used by GaMMELToFT et al. (1944). 

Galactose (in the presence of glucose) was determined by its re- 
ducing power after glucose had been removed by glucose oxidase. 
One-half ml of serum was incubated at 38° C for 1'/,—2 hours with 
0.5 ml of 0.2 M phosphate buffer, pH 6.0, containing '/; mg of glucose 
oxidase.! Eight ml of ZnSO,/H,SO, (12.5 g of ZnSO,, 7 H,O + 31.5 ml 
N H,SO, made up to 1 liter) was added, followed by 1 ml 0.75 N NaOH. 
Aliquots of the supernatant obtained by centrifugation were used for 
Hagedorn-Jensen determinations of reducing power. The amount of 
“glucose” read from their table was multiplied by a factor ranging from 
1.28 to 1.35 to correct for the lesser reducing power of galactose and 
a small loss by precipitation. The use of glucose oxidase for removal 
of glucose is preferable to yeasting, since yeast is known to give off 
reducing substances. 

Glucose was determined in the presence of galactose by an un- 
published glucose oxidase method worked out in this laboratory by 
Dr. E. Bosesen. Briefly, the procedure was as follows. A 1 : 16 filtrate 
of serum was prepared by the Fe,(SO,),;/BaCO, precipitation procedure 
of STEINER, URBAN and West (1932). Six ml of a solution containing 
approx. 4 ug of 2.6-dichlorophenolindophenol per ml of 0.5 M sodium 
phosphate buffer at pH 6.0 plus filtrate containing 10—60 ug of glucose 
were placed into optically matched Thunberg tubes. One mg of glucose 
oxidase contained in 0.5 ml of phosphate buffer was placed in the 
bulb of the stopper. The tubes were alternately evacuated to slight 
boiling and refilled with nitrogen (passed over heated copper) some 10 
times with constant shaking in a water bath at room temperature. 
Upon closure and mixing the density was immediately measured at 
600 wu in a Coleman Universal Spectrophotometer against a neutral 
glass filter (density about 0.7). For subsequent readings of high ab- 
sorptions the glass filter was used for zero setting, for low absorptions 
the density of the filter was read with the samples used for zero setting. 
The decrease in density observed after 90 minutes standing at room 
temperature was directly proportional to the amount of glucose pres- 
ent. The amount of galactose present in the samples caused only a 
negligible decoloration. 

Sucrose was determined on the same supernatant as galactose, 1 ml 
being used for BoJESEN’s procedure (1952). 

Concentrations of Evans Blue were determined absorptometrically 
at 610 wu on serum diluted 1:5 with saline. Serum (obtained before 
the dye was added to the perfusion blood) similarly diluted with plain 
saline or saline of known dye concentration served for zero setting 
and standards, respectively. 

Urea concentrations were measured by Conway's diffusion procedure 
(1950). 


1 If sucrose is also present in the serum, glucose oxidase must be free of sac- 
charase activity. Preparations meeting this demand were made by Leo Pharma- 
ceuticals, Ltd., Copenhagen and kindly placed at our disposal. 
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The “volumes of distribution” of galactose and sucrose were cal- 
culated by dividing the amounts added to the perfusing blood by the 
serum concentrations found at each particular time. 

Calculations of the volumes of distributions of urea were made by 
dividing the amount added by a post-addition minus the pre-addition 
serum concentration. 

Extravascular volumes of distribution of galactose and sucrose are 
taken as their total volumes of distribution minus the serum (Evans 
Blue) volume. In the case of urea a further subtraction of erythrocyte 
water (calculated from the haematocrit values) must be made. 

The Evans Blue volumes calculated from the serum concentrations 
determined 10, 20 and 35 minutes after the addition of the dye to 
the perfusing blood were found almost identical, and they are there- 
fore assumed to represent the serum volume. The values calculated 
from later determinations of the serum concentration were found to 
increase slightly in some experiments and decrease in others. Too 
much significance should, however, not be attributed to these findings, 
partly because there may have been a loss of dye from the serum, and 
partly because after hours enough haemolysis has occurred to introduce 
an error in the determination of the plasma concentration of the dye. 


Results. 


Fig. 1 shows the results obtained in one of the earlier experi- 
ments where the effect of insulin addition on galactose “distribu- 
tion” was tested. After a perfusion period of 10 minutes a single 
dose (2.5 g in 10 ml) of galactose was added to the perfusing blood, 
followed after two hours by 20 units of crystalline insulin (in 1/, ml 
of saline). It is apparent from the concentration/time curve for 
galactose that there was a tendency for the slope to decrease 
before the addition of insulin and to increase again shortly after 
the addition. Correspondingly, in the curve representing “the 
volume of distribution of galactose” versus time an increase in 
slope is seen shortly after the addition of insulin. 

Theoretically, this finding might be attributed to any of the 
following possibilities: (1) that insulin promotes the entrance of 
galactose into muscle cells, (2) that an expansion of the extra- 
cellular space has taken place in the latter part of the experiment, 
following the insulin addition, or (3) that in the same period de- 
terioration of the preparation has occurred with increasing cell 
permeability for galactose, simulating an entrance-promoting 
effect of insulin. 

To exclude the latter two possibilities sucrose was added in 
later experiments to serve as an indicator for the extracellular 
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Fig. 1. Effect of insulin on disappearance of galactose and glucose. 


Weight of perfused hind limb preparation 1,520 g. Start of perfusion at zero 
time. Single dose of galactose (2.5 g) added to perfusion blood 10 minutes after. 
Continuous infusion of 3.5 mg of glucose per min. throughout the experiment. 
20 units of insulin added at 130 minutes. 

Serum glucose and galactose concentrations to be read on left, galactose “dis- 
tribution volume” on right ordinate. 


space, and furthermore control experiments without insulin ad- 
dition were performed. Sucrose was chosen because it was known 
from previous experiments (KRUHOFFER 1946) that sucrose has a 
volume of distribution almost identical with that of inulin and 
therefore probably only distributes itself in the extracellular space; 
in addition it has a diffusion coefficient not too different from 
that of galactose. Furthermore, urea was added to measure total 
water contents of the preparation + perfusing blood, and Evans 
Blue to determine the serum volume. 

The results from a control experiment are shown in Fig. 2. It 
is apparent that sucrose is rapidly distributed in a volume larger 
than the Evans Blue volume. After an hour or so the sucrose 
volume has nearly reached a maximum value and remains essen- 
tially unchanged throughout the rest of the experiment. It also 
appears that at any time the galactose volume exceeds that of 
sucrose, and that galactose is continuously lost from the extra- 
cellular volume. The rate of this loss is however quite small and, 
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Fig. 2. Control experiment. “Distribution” of galactose without addition of insulin 
or electric stimulation. Distribution volumes for sucrose, urea and Evans Blue 
determined for comparison. 


Weight of hind limb preparation 960 g. Perfusion started at zero time. 1.9 g 
of galactose plus 0.7 g of sucrose plus 1.5 g of urea plus 16 mg of Evans Blue added 
at 58 minutes. Continuous addition of glucose as indicated. 


clearly, it does not rise towards the end of the perfusion period. 
Two other control experiments gave similar results. 

The results from a typical experiment in which insulin was 
added appear in Fig. 3. The course of the distribution of sucrose 
is quite similar to that observed in the control experiments, 7. e. 
it is not affected by the addition of insulin. The volume of distri- 
bution of galactose initially follows that of sucrose, although at 
any time it is somewhat higher. Starting about 20 minutes after 
the addition of insulin it is seen, however, to rise rather steeply, 
thus deviating from that of sucrose. At the end of the experiment 
the extravascular volume of distribution of galactose is seen to 
approach that of the extravascular distribution of urea; in none 
of three experiments did it, however, reach or exceed the latter. 

In one experiment insulin was added at intervals to the per- 
fusion blood before as well as after the addition of galactose + 
sucrose + urea + Evans Blue. The results are shown in Fig. 4. 
In this case a deviation between the curves on the volumes of 
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Fig. 3. Effect of insulin on the “distribution” of galactose; with distribution volumes 
for sucrose, urea and Evans Blue determined for comparison. 


Weight of hind limb preparation 1,050 g. Start of perfusion at zero time. 2.3 g 
of galactose plus 0.8 g of sucrose plus 1.8 g of urea plus 20 mg of Evans Blue dis- 
solved in 10 ml added at 65 minutes; addition indicated by vertical broken line. 
Insulin additions indicated by arrows. Continuous infusion of 3.3 mg of glucose 
per min. throughout the experiment. 

Serum glucose level before insulin addition about 100 mg%. 


distribution of galactose and sucrose is apparent shortly after the 
addition of these substances to the blood. Although the distribu- 
tions under the action of insulin were observed for over four 
hours, the extravascular distribution volume for galactose did not 
reach that of urea. 

The effect of muscular exercise on distribution of galactose was 
studied in other experiments; the results from a typical experi- 
ment are shown in Fig. 5. In the initial period of rest (almost 
two hours) the volume of distribution of galactose is seen to in- 
crease somewhat faster than but rather parallel to the volume 
of distribution of sucrose. About half an hour after stimulation 
has begun, the galactose volume increases, however, rather steeply 
while the sucrose volume remains essentially unchanged. In none 
of three such experiments did the galactose volume reach the 
level of the urea volume minus erythrocyte water. 
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Fig. 4. Distribution of galactose under continuous influence oj insulin; distribution 
volumes for sucrose, urea and Evans Blue determined for comparison. 


Weight of hind limb preparation 1,625 g. Start of perfusion at zero time. 2 g | 


of galactose plus 0.9 g of sucrose plus 1.5 g of urea plus 20 mg of Evans Blue dis- 
solved in 10 ml added at 40 minutes; addition indicated by vertical broken line. 
Insulin additions indicated by arrows. Continuous infusion of 7.5 mg of glucose 
per min. throughout the experiment. 


The effects of muscular exercise on the uptake of glucose and 
fructose appear from Fig. 6, which shows the plasma glucose and 
fructose concentration in an experiment where a continuous in- 
fusion of 4.15 mg glucose/min. and 3.0 mg fructose/min. was 
maintained during the experiment. After an equilibration period 
of one hour, electric stimulation was started and maintained for 
2 hours. 

It is apparent that starting some 20 minutes after the beginning 
of the stimulation and continuing throughout the stimulatory 
period a marked drop (280 —-> 150 mg®%) occurs in the glucose 
concentration. By contrast, the removal of fructose is seen to be 
unaffected by stimulation, as evidenced by the fact that the 
slight rise in concentration with time which occurs in the equilibra- 
tion period remains unchanged during the stimulation period. The 
slight rise in the fructose concentration level at the start of stimu- 
lation is probably due to a shift of water from the extracellular 
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Fig. 5. Effect of muscular exercise on the “distribution” of galactose; distribution 
volumes for sucrose, urea and Evans Blue determined for comparison. 


Weight of hind limb preparation 1,350 g. Perfusion started at zero time. 2.4 g 
of galactose plus 0.9 g of sucrose plus 1.7 g of urea plus 20 mg of Evans Blue added 
at 54 minutes. Oxygen consumption: 3.4 ml/min. before, and 11.5 ml/min. during 
stimulation. Continuous additions of glucose as indicated. 


into the intracellular space, caused by raised intracellular osmotic 
pressure. (A slight rise in the haematocrit values of some 1—3 
vol.°% occurring at stimulation would seem to be another reflec- 
tion of such a shift.) 

While the above experiment gives clear evidence of the en- 
hancing effect of muscle stimulation on glucose uptake, it is not 
possible to infer the magnitude of the increased rate of uptake 
from such data. For this reason similar experiments were per- 
formed in which, however, a supplementary glucose infusion was 
started shortly after the stimulation began and maintained to the 
end of the experiment; the aim was to compensate, as nearly as 
possible, for the increased rate of glucose uptake. 

Figures 7 and 8 show the results obtained in two such experi- 
ments. In the experiment of Fig..7 besides the continuous infusion 
of 4.6 mg glucose/min. (and 2.1 mg fructose/min.) throughout the 
experiment, an additional 3.7 mg glucose/min. was provided 
shortly after the stimulation began and for the remaining time. 
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Fig. 6. Effect of muscular exercise wpon glucose and fructose uptakes. 


Weight of hind limb preparation 1,300 g. Perfusion begun and priming dose 
of fructose (550 mg) added at zero time. Continuous addition of glucose and fruc- 
tose as indicated. Oxygen consumption: 2.9 ml/min. before, and 14 ml/min. during 
stimulation. 


Evidently, this supplementary glucose was not quite adequate to 
counterbalance the increased rate of uptake during stimulation. 

A better compensation was attained in the experiment of Fig. 8 
in which the slope of the glucose concentration curve in the 
stimulatory period remained approximately the same as in the 
latter part of the equilibration period. 

From these and other similar experiments it appears then that 
at serum glucose levels around 200 mg% muscular exercise of the 
intensity here employed causes a rise in the rate of glucose up- 
take of about 3 mg/min./kg hind limb weight or almost a doubling 
of the resting uptake. 

In both the latter experiments a recovery period was included 
(in which the supplementary glucose infusion was still maintained). 
From the course of the glucose concentration during these in- 
tervals it appears that the increased rate of glucose uptake is 
maintained for some time after the cessation of stimulation. 

Again, it appears in Figs. 7 and 8 that no increase in fructose 
uptake is brought about by muscular exercise. 
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Fig. 7. Effect of muscular exercise upon glucose and fructose uptakes. 


Weight of hind limb preparation 1,400 g. Perfusion begun at zero time, priming 
dose of fructose (800 mg) added shortly after. Continuous additions of glucose and 
fructose as indicated. Oxygen consumption: 3.0 ml/min. before, and 10.5 ml/min. 
during stimulation. 


Discussion. 


The observation in the present study that insulin increases the 
rate at which galactose is lost from the extracellular space of 
perfused hind limb preparations of cats, together with the previous 
finding in this laboratory (GAMMELTOFT et al. 1944) that insulin 
is without effect upon the rate of utilization of fructose in the 
same preparation, confirms the results obtained by LEVINE and 
coworkers in eviscerated, nephrectomized dogs. 

Similarly, our findings that muscular exercise increases the rate 
at which glucose and galactose are lost from the extracellular 
space, while it has no such effect on fructose, are confirmatory to 
GOLDSTEIN et al.’s (1953) results in the eviscerated dog. 

The fact that the confirmations were obtained with the less 
complex hind limb preparation further supports LEVINE et al.’s 
assumption that muscle cells are the site of the selective effects 
on the uptake of various hexoses. Insulin and muscle activation 
apparently have the same pattern of effect and non-effect on the 
uptake of various hexoses. 

17—553010. Acta phys. Scandinav. Vol. 34. 


4 

| 

//?. j 

dose 
fruc- 
uring 

e to : 
ion. 
ig. 8 
the 
the 
that | 
the 
up- | 
ling 
ided 
ed). 
> in- 
e 1s 
tose 


244 E. J. HUYCKE AND P. KRUHOFFER. 


300 0 0 4 
poe Glucose conc. 


200 F 


Fructose conc. 4 


100 | 54mg glucose tructose/min| 


glucose/min. | 


Stimu/ation- Recov.| 
L l i 


60 120 180 240 300 min 


Fig. 8. Effect of muscular exercise upon glucose and fructose uptakes. 


Weight of hind limb preparation 1,380 g. Perfusion begun at zero time, priming 
dose of fructose (700 mg) added 15 minutes later. Continuous additions of glucose 
and fructose as indicated. Oxygen consumption 3.3 ml/min. before, and 14 ml/min. 


during stimulation. 


The problem of which processes are involved in the transfer of 
glucose into muscle cells has received increasing attention in re- 
cent years. Any hypothesis on the nature of this transfer must 
obviously take into account the existence of selective effects on 
the transfer of different hexoses. On the other hand, knowledge 
of such effects is not in itself sufficient to provide a solution of 
the problem. 

The possible ways of transfer of hexoses into muscle cells may 
roughly be classified as (1) passage in chemically unmodified form 
through the cell boundaries, (2) uptake comprising a chemical 
conversion: (especially formation of complexes) of the hexoses in 
the cell boundaries. 

If the cell boundaries were completely impermeable to hexoses 
as such and the formation of chemical complexes essential to 
their transfer, the selective effects of insulin (and activation of 
muscles) could be easily explained by assuming it increased the 
rate of complex formation of some hexoses but not that of others. 
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The occurrence of a phosphorylation as a link in the transfer of 
glucose and its acceleration by insulin has been proposed as a 
possibility by Lunpscaarp (1949). The assumption of such a 
mechanism has, however, as pointed out by Levine, the disad- 
vantage that the ability of insulin to enhance the transfer of 
galactose cannot be accounted for by the same fundamental effect, 
since, apparently, muscle does not contain galactokinase. At pres- 
ent no other complexes than phosphate esters are known to be 
formed directly from hexoses in anima] tissues. Hexose-dehydro- 
genase, known to be present in liver, has not been demonstrated 
in muscle. 

If hexoses crossed the boundaries of muscle cells in the free 
state, free hexoses should be present in the interior, although of 
course, in the case of glucose, the concentrations might be held 
quite low, due to the presence of glucokinase. 

Levine et al. (1950) have claimed that they were able to recover 
administered galactose completely from the carcasses of their dogs, 
the insulin-treated as well as the non-treated. Consequently, they 
feel that galactose was actually present as such upon its transfer 
to the interior of the cells. In a single stimulation experiment we 
tried to measure the reducing power of a Somogyi filtrate prepared 
from a glucose oxidase-treated “brei”’ of muscle (quadriceps) ob- 
tained at the end of the distribution period. Taken at their face 
value the results indicated that galactose was present in muscle 
in amounts corresponding to those computable from the final 
plasma concentration and the final distribution volume. The re- 
sults must however be considered with much reserve, since the 
reducing power was only some 2.8 times higher than that (49 mg% 
“galactose’’) of muscle from cats to which no galactose had been 
administered. More specific methods, such as chromatography, 
are obviously needed to answer the question. 

Park (1953) has recently reported experiments in which intra- 
cellular concentrations of glucose were measured under various 
conditions; unfortunately, only an abstract and a somewhat more 
extensive reference (StaDIE 1954) of this work is available. Ac- 
cording to these sources intracellular glucose could be demon- 
strated in rat diaphragms exposed in vitro to sufficiently high ex- 
ternal glucose concentrations; if insulin was also present intra- 
cellular glucose was demonstrable at lower external concentra- 
tions. When incubations were made at low temperatures intra- 
cellular glucose could be demonstrated at appreciable lower ex- 


4 
1? 
ming 
icose 
min. 
of 
re- 
ust 
on 
ige 
of } 
nay | 
orm 
ical 
; in 
ses 
to 
of 
the | 
OTS. 
} 


246 E. J. HUYCKE AND P. KRUH@OFFER. 


ternal glucose concentrations. Free intracellular glucose was also 
demonstrated in diaphragms removed from insulin-treated, evis- 
cerated rats, but not in diaphragms obtained from animals not 
treated with insulin. 

These findings are important, since they are quite compatible 
with the view that glucose is transferred as such across the cell 
boundaries and that insulin somehow decreases their resistance to 
this transfer. Confirmation of Park’s results is therefore desirable, 


and the more so because they are in disagreement with those of | 


LUNDSGAARD (1939), who failed to demonstrate any increase in 
total reducing power of muscles of insulin-treated perfused hind 
limb preparations over that of muscles from preparations not 
treated with insulin. 

The question may justly be raised whether the view of a trans- 
fer of hexoses in a chemically unchanged form is compatible with 
great differences in the rates of transfer of various hexoses and 
with the selective effects of insulin on such transfers. In the case 
of red cells related findings have recently been accepted as evidence 
for the participation of a membrane carrier system with associated 
coupling and uncoupling enzymes in the process of sugar uptake. 
(LeFevre 1954.) In our opinion it seems however too early to 
dismiss entirely the possibility of a transfer of hexoses as such. 
Such transfer might be imagined as occurring through minute 
“channels” offering different degrees of steric hindrance to the 
passage of various substances, depending not only on their molec- 
ular sizes, but also on their detailed, spatial structure. Also, such 
channels, or possibly better, lattices, would not necessarily have 
to be looked upon as static systems; they might be fluctuating 
and might even offer unequal resistances to the passage of sub- 
stances in different directions. The laws describing the rates of 
passage of substances through such systems would obviously be 
fundamentally different from those applying to free diffusion. It 
appears moreover, that facilitating and inhibitory effects of vari- 
ous substances on transfers, as well as mutual inhibitions of hexose 
transfers should be explainable in such systems without resorting 
to enzymes as the sites of action. 

The question of mutual inhibition in uptakes of hexoses by 
muscle cells has been touched upon by LEvinE et al. as well as 
Wick and Drury. While the former express the opinion that the 
levels of blood glucose appear without relation to the effect of 
insulin on galactose uptake, the latter interprete their data as 


indic 
effec 
Sir 
galac 
fants 
to de 
musc 
Tw 
comp 
insuli 
Contr 
ously 
icant 
(2) 
The 
that 
As 
of glu 
exerci 
dition 
at pla 
in ox 
Since 
of 31 
glucos 
crease 
as the 
values 
connect 
detern 
be int 
always 
strong 
fat ox 
The 
still q 
resting 
soon a 
pected 
glucos¢ 


| 

® 

. 


UPTAKE OF HEXOSES BY MUSCLE CELLS. 247 


indicating that high levels of glucose depress the uptake-promoting 
effect of insulin on galactose. 

Since it appeared to us that inhibition of glucose uptake by 
galactose might be responsible for some of the symptoms of in- 
fants suffering from galactosaemia, a few experiments were made 
to decide whether such an inhibition could be demonstrated in 
muscle cells. 

Two rat hemidiaphragms were incubated for three hours at 
37° C in 2 ml of phosphate buffered salt solution (with an ionic 
composition as used by PEaRson et al. 1949) containing 1 unit of 
insulin, 500 mg% galactose and 150 mg% C™-labelled glucose. 
Controls, without galactose in the medium, were run simultane- 
ously. In none of three experiments, did we observe any signif- 
icant difference in (1) disappearance of glucose from the medium, 
(2) production of CO, or (3) post-incubation glycogen contents. 

These negative results do not, of course, exclude the possibility 
that galactose may inhibit the uptake of glucose by other tissues. 

As mentioned above we have observed an increase in the rate 
of glucose uptake in the hind limb preparations during muscular 
exercise. With the intensity of stimulation used the rates of ad- 
ditional glucose uptakes were evaluated to be some 3 mg/min./kg 
at plasma glucose levels around 200 mg. The simultaneous rises 
in oxygen uptakes amounted to some 7 ml of oxygen/min./kg. 
Since only some 2 ml of oxygen is required for complete oxidation 
of 3 mg of glucose, it is evident that the additional uptake of 
glucose during stimulation was much too low to cover the in- 
crease in oxygen consumption; other substances must have served 
as the main sources for the increase in metabolic rate. The R. Q. 
values observed during stimulation also deserve mention in this 
connection. Admittedly, such R. Q. values based upon single 
determinations of arterial-venous differences for CO, and O, must 
be interpreted with caution. Nevertheless, the fact that they were 
always found quite low (range 0.60—0.84, in six experiments) 
strongly suggest that muscles possess a considerable capacity for 
fat oxidation. 

The rise in the rate of glucose uptake during stimulation is 
still quite considerable when compared with the uptake in the 
resting state, and it appears furthermore that it commences quite 
soon after the stimulation has begun; it is of course to be ex- 
pected that it should take some time before a reduction in the 
glucose concentration in the immediate vicinity of the muscle 
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cells could lead to a drop in the glucose concentration of the blood 
plasma. 

The occurrence of a considerable and rapidly established rise 
in glucose uptake by muscle upon their activation, must obviously 


be followed in the intact animal by an increased output of glucose ‘ 
from the liver, since only moderate reductions occur in the plasma | 


glucose concentration during muscular exercise. At present we 
have no definite knowledge of the factors responsible for such 
compensatory reactions. Epinephrine, of course, has to be con- 
sidered, but, as touched upon in a previous paper (KRUHOFFER 


and Muntz 1954) it does not seem unlikely that changes in the , 
metabolic state of, say, muscle cells make them release substances | 


which cause alterations in the metabolic machinery of the liver, 
resulting inter alia in an increased output of glucose. Variation 
in the production of such factors is also a potential explanation 
of the metabolic “defects” observed by CHatkorr, CHERNICK and 
co-workers (cf. e. g. CHAIKOFF 1952) in liver slices from starved 
and diabetic rats, of the changes in uptake/output of glucose by 
the liver occurring during a glucose-tolerance test (SOSKIN et al. 
1938), of secondary effects (glycogen formation, decrease in keto- 
genesis) of insulin on the liver metabolism, etc. 


Summary. 


Insulin has been found to increase the rate at which D-galactose 
is lost from the extracellular space of perfused hind limb prepara- 
tions of cats. 


Electric induction of muscle contractions in the same prepara- 


tion also raised the rate of disappearance of D-glucose and D- 


galactose from the extracellular space, but had no such effect on | 


D-fructose. 

These and previous findings in this laboratory confirm those 
obtained by Levine, GoLDsTEIN et al. on eviscerated, nephrec- 
tomized dogs and thus support the view that insulin and activa- 
tion of muscle exert selective effects on the uptake of various 
hexoses by muscle cells. 

The mode of uptake of sugars by muscle cells is discussed, and 
it appears that it is still impossible to decide whether sugars can 


cross the cell boundaries in the free state or only by way of some | 


chemical transformation. 
While not at all sufficient to cover the augmented metabolic 
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rate, the rise in glucose uptake during muscular activation was 
still quite appreciable (viz. of the same magnitude as the rate of 
uptake in the resting preparation) and in the intact organism it 
must be met by increased glucose output from the liver. The 
nature of such compensatory reactions is still unknown. 
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It has previously been demonstrated that cold and pain recep- 
tors in the human skin (Brine and Sxousy 1950, Skousy 1951, 
1953), thermal receptors of the cat’s tongue (Dopt, Skousy and 
ZOTTERMAN 1953), baroceptors of the carotid sinus of the cat 
(LANDGREN, Skousy and ZoTTERMAN 1953) and chemoceptors 
of the olfactory zone in man (Skousy and ZILSTORFF-PEDERSEN 
1954) are sensitized to their adequate stimuli by small amounts 
of acetylcholine, while larger amounts exert an inhibiting effect. 
Acetylcholine in itself does not evoke sensations or electrical 
activity in afferent nerve fibres. 

Recently LANDGREN, LILJESTRAND and ZOTTERMAN (1954) have 
demonstrated that acetylcholine-like substances influence the 
impulse traffic evoked in the lingual branch of the glossopharyngeal 
nerve when tap water or hypertonic NaCl-solutions are ejected 
over the surface of the tongue. The substances in themselves did 
not evoke impulses in agreement with the findings quoted above. 
The effect is most likely due to an action on specific taste fibre 
endings in spite of the fact that differentiated endings have never 
been demonstrated in the frog tongue. In the present work the 
influence of acetylcholine on the sensitivity of the highly differ- 
entiated taste receptors in man was investigated. 

Menthol influences thermoceptors (HENZEL and ZOTTERMAN 
1951, Dont, Skovusy and ZorrERMAN 1953), baroceptors and 
chemoceptors of the carotid area in the cat (LANDGREN, SKOUBY 


min. 
was 
proc 
due 
diag 
tial 
appr 


Tk 
perio 
were 
exces 
varie 

Th 
a pip 

W: 
0.9 p 
ml. § 
nitra’ 
saline 


Fo: 


INE 
anc 
the 
as 
to 
rec 
of ¢ 
exp 
stre 
12 1 
the 
| old 
and 
inc 
was 
i¢ 


gen 
sity 


INFLUENCE OF ACETYLCHOLINE, MENTHOL AND STRYCHNINE. 25] 


and ZOTTERMAN 1953) and smell receptors in man (SkouBy and 
ZILSTORFF-PEDERSEN 1954) in a similar way as acetylcholine and 
the effect on taste receptors was investigated as well. 

Finally, the effect of strychnine on taste receptors was examined, 
as the sensitizing effect of this substance on the chemoceptors 
of smell (Skousy and ZILsToRFF-PEDERSEN 1954) might be due 
to an action on their ganglionic cell properties and not on their 
receptor properties. 


Technique. 


The subjects were two female and two male students 24—28 years 
of age. None was a heavy smoker and they did not smoke before the 
experiments. Their sensitivity to taste stimuli was measured by the 
strength of an anodal current necessary to produce an acid taste sen- 
sation. Steel electrodes were used. The anode, with a contact area of 
12 mm?, was placed in the midline of the tongue near the tip, while 
the cathode was in contact with the buccal mucosa. The taste thresh- 
old was determined as the mean value of the lowest current eliciting 
and the highest not eliciting acid taste sensation when the anode was 
in contact with the tongue for approximately two seconds. The current 
was varied in steps of 4 wA and 0.5 minutes allowed between the deter- 
minations. The resistance between the electrodes during the application 
was approximately 1,000 2 and variations in the resistance of the tissue 
produced only inconsiderable variations in the strength of the current 
due to a series resistance of 24,000 2 in the circuit. As seen from the 
diagram (fig. 1) the strength of the current is calculated from the poten- 
tial difference in Volt read on the instrument V and a resistance of 
approximately 25,000 2. 


24000 2 


Fig. 1. Arrangement for evoking taste sensation by anodal current. 


The spontaneous taste threshold variations were investigated for 
periods of up to one hour on different days. When uniform values 
were obtained over a 15 minute period, spontaneous changes did not 
exceed 10 per cent during the subsequent hour. The threshold values 
varied from day to day and from individual to individual (table 1). 

The solution to be tested was dropped on the tip of the tongue by 
a pipette (0.005 ml; 37°C). 

Water free acetylcholine was dissolved immediately before use in 
0.9 per cent NaCl solution to give a concentration of 0.1 ug to 1 mg per 
ml. Stock solutions of menthol (0.04 per cent) in water and strychnine 
nitrate (1 per cent) in 0.9 per cent saline were diluted with 0.9 per cent 
saline to give the desired concentrations. 

For controls 0.9 per cent NaCl was used. 
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Table 1. 


Taste threshold at the tip of the tongue in uA in two subjects on eight 
different days. 


; Me. 108 60 90 86 80 86 76 90 
Subjects 
Mu. 142 180 86 122 86 102 118 86 
Results. 


Acetylcholine in amounts of 1—100 yg per ml decreased the taste 
threshold by 20—63 per cent. In most experiments the threshold 
decrease was preceded by a transient increase of up to 30 per cent. 
There was no correlation between the concentrations applied and 
the change in threshold (fig. 2). Smaller (0.1 wg per ml) and large 
amounts (1 mg per ml) produced a transient increase of the taste 
threshold of up to 40 per cent but never decreases exceeding 
10 per cent of the initial value. The threshold change lasted 5 to 
35 minutes depending on the amounts applied and the individual 
tested. 

Saline solution (0.9 per cent) produced increases of up to 114 
per cent but never decreases (fig. 2). 
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Fig. 2. Taste threshold variations in subject Mu. before and after the application 


of acetylcholine (10 pg/ml and 1 pg/ml) and 0.9 per cent saline to the tip of the 
tongue at the times indicated by arrows. 
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Fig. 3. Taste threshold variations in subject R. before and after the application 
of saline and menthol (0.4—400 pg/ml) to the tip of the tongue at the times marked 
by the arrows. 


Menthol in amounts of 0.4—4 wg per ml decreased the taste 
threshold by up to 60 per cent. Larger amounts increased the 
threshold by up to 60 per cent (fig. 3). With 40—400 ug a decrease 
in threshold was found in one individual only and always preceded 
by an increase. 

Strychnine nitrate was applied in amounts of 0.1 to 10 mg 
per ml. In most experiments transient increases of up to 40 per 
cent were produced. No decreases exceeding 10 per cent of the 
initial value occurred (fig. 4). Thus, the effect of strychnine did 
not deviate from that of the solvent. 

Acetylcholine produced no taste sensations in itself. Menthol in 
strong concentrations (40—400 ug per ml) produced the cool taste 
of menthol for the first minutes after application, while all con- 
centrations of strychnine used produced a bitter taste persisting 
up to half an hour when the strongest solutions were used. 


Discussion. 


The present experiments demonstrate that acetylcholine in 
suitable amounts produces a significant decrease of the taste 
threshold. The effect may be due to an action on the receptor 
cells directly or indirectly. In experiments on the thermoceptors 
of the human skin and of the cat’s tongue vascular effects were 
absent or not related to the sensitizing action (Bina and Skousy 
1950, Dopt, Skousy and ZoTTERMAN 1953). Furthermore, neither 
acetylcholine nor menthol influenced the discharge from thermal 
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laste threshold sin 


mg/ml 
/ 10 


A. | 


10 20 30 40 50 60 70 60 90 100 
time in min 
Fig. 4. Taste threshold variations in subject Me. before and after the application 


of strychnine (0.1—10 mg/ml) to the tip of the tongue at the times indicated by 
the arrows. 


receptors when applied to the afferent nerve fibres of the cat’s 
tongue as close as possible to their endings (Dopt, Skousy and 
ZOTTERMAN 1953). Therefore, assuming similar conditions in the 
present experiments, the effect of acetylcholine is most likely a 
direct one on the receptors. A similar action may be assumed for 
menthol, which previously has been found to influence thermo-, 
baro- and smell receptors and the chemoceptors of the carotid 
body as does acetylcholine. 

The strychnine experiments indicate that this substance does 
not influence receptor structures and that the threshold decreasing 
effect on smell receptors (SkouBY and ZILSTORFF-PEDERSEN 1954) 
is probably due to their ganglion cell properties. 

In high concentrations all the substances tested produced 
increases in threshold. Since the solvent often raised the threshold 
in a similar way, this effect cannot be attributed to an inhibitory 
effect of stronger concentrations of the test substance as was found 
in previous investigations on thermo-, baro- and chemoceptors. 
Thus, the present finding adds the taste receptor to the list of 
the receptors on which acetylcholine has a sensitizing but not 
stimulating effect independent of the structure or adequate stim- 
ulus of the peripheral receptor (SkouBy 1951, 1952). 

The present results agree with electrophysiological studies on 
taste receptors of the frog tongue (LANDGREN, LILJESTRAND and 
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ZOTTERMAN 1954). Their findings with decamethonium or succiny]- 
choline applied to the lingual mucosa agree with our finding on 
pain receptors (SkouBy 1953) that these substances in contrast 
to curarine are synergistic to acetylcholine in its effect on periph- 
eral receptors. Similarly Granit, SkoGLuND and THESLEFF 
(1953) found that the amount of tension of a muscle preparation 
determined whether the effect of succinylcholine on the impulse 
traffic in spindle fibres was absent or present, again indicating 
that acetylcholine-like substances are sensitizing but not in them- 
selves stimulating. When a stimulating effect on the receptors 
(ScHWEITZER and Wricut 1938) or on peripheral neural junctions 
in the carotid body (LILJESTRAND et al.) is claimed, the adequate 
stimulus has to be abolished during the action of the substance. 
However, in all electrophysiological studies published, the neuro- 
grams demonstrate activity before the test period (EULER, LILJE- 
STRAND and ZOTTERMAN 1941, LiLJESTRAND 1952, LANDGREN, 
LILJESTRAND and ZOTTERMAN 1952, 1954, LitsjEsTRAND and 
ZOTTERMAN 1954). 


Summary. 


Acetylcholine (1—100 g/ml) decreased the taste threshold 
by 20—63 per cent as did menthol (0.4—400 ug/ml). Higher con- 
centrations of these substances as of strychnine in concentrations 
of 0.1—10 mg/ml produced increases of the same order as those 
produced by the solvent. 


The work was supported by a grant from the P. A. Brandt 
Foundation. 
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In recent years, induced hypothermia has attracted much in- 
terest as a technical method facilitating surgical interventions 
in an “empty” and quiet heart. Several groups have already 
been able to transfer their work from the laboratory to the oper- 
ating theatre with considerable success. Still, however, many — 
perhaps most — basic problems remain unsolved. Since 1952, we 
have been interested in the differences between natural hibernation 
and artificial cooling. In the course of our early experiments on 
hedgehogs, which are the only hibernators in our country that 
lend themselves to studies of the kind we have attempted, we 
found it of interest to compare the temperature effects on the 
electrocardiogram with corresponding data from non-hibernating 
mammals, like the dog and the pig, as well as from poikilothermic 
animals like the turtle, the frog and the fish. We have also had 
occasion to study electrocardiograms from humans, who were 
brought to our hospital with subnormal rectal temperatures. 
Some of our data will be presented below. 


Material and Methods. 


Experiments were performed on the following animals: 6 mongrel 
dogs, 9 hedgehogs (Erinaceus europaeus), 12 south african frogs (Xeno- 
pus laevis) and 8 flounder-fishes (Pleuronectes flesus L). Electro- 
cardiograms on dogs and hedgehogs were recorded with a sensitive 
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amplifier electrocardiograph (Elema Triplex) and on frogs and fishes 
with a four times more sensitive machine (Elema Junior). Needle elec- 
trodes were used in all instances. In dogs, leads corresponding to human 
leads were registered, with the dogs lying on their left side. In hedge- 
hogs, who were generally rolled up, electrodes were placed in left and 
right scapular and left gluteal regions. In frogs only lead I was reg- 
istered, with the electrodes stuck into the proximal part of their 
anterior extremities. In fishes, one electrode was placed 0.5 cm dorsally 
and slightly caudally of the insertion of the pectoral fin of the pig- 
mented side, the other one 0.5 cm ventrally and slightly caudally of 
that point on the same side. The first electrode, then, was in the region 
of the arterial bulb, the latter in that of the venous sinus. The elec- 
trodes were arranged so that a higher potential in the first region 
would give an upward deflection of the ECG. 

The fishes and the hedgehogs generally did not move much and 


their electrocardiograms did not show much disturbances. Some frogs, _ 


however, had to be slightly anesthetized with ether. The dogs were 


anesthetized with intravenous pentothal (11.5—40 mg/kg body weight) + 


and, after intubation, with ether, nitrous oxide and oxygen in a closed 
or half-open system. 

The temperatures were measured in centigrades by means of a 
thermocouple. In frogs and fishes, temperature changes were induced 
by placing the animals in water-baths of different temperatures. The 
temperature of frogs was measured with an electrode deposited 1—2 
cm upwards in the cloaca, This was not applicable in our fishes; here, 
the electrocardiograms were recorded, when the animal had been 
staying in the water-bath for 10—15 minutes. Hedgehogs were taken 
from their out-door cages to a room of 19°—22° temperature, and their 
temperatures recorded with an electrode deposited dorsally in the skin. 
The dogs were cooled — and re-warmed — in a specially designed 
refrigerator box (B16RcK et al. 1954). Their temperatures were recorded 
by means of an electrode, deposited at least 10 cm upwards into the 
rectum. 

The induction of temperature changes was arrived at in the fol- 
lowing way: 

Dogs were cooled in the aforementioned box and rewarmed in the 
same box. One dog was cooled twice. Electrocardiograms were re- 
corded from 39°—34° and followed down to temperatures between 
25°—19°. 

Hedgehogs were all warmed from the hibernating state. 6 animals 
were warmed twice. The initial temperature varied between 4° and 
13.°5. Warming was finished at temperatures varying between 27° and 
33°. Temperatures were measured with somewhat irregular intervals 
on an average 8 times during the warming period. The observations are 
brought together in groups with mean temperature values of 7.°5, 
12.°5s, 17.°5, 22.°5, 27.°5 and 32.°s. 

Frogs were all placed in water and warmed from a base temperature 
of 5°. 9 animals could be followed up to 35°, while 3 died between 30° 
and 35°. Electrocardiograms were recorded at 5-centigrade-intervals. 
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Also the fishes were placed in cold 
water and warmed from 5°. In one 
fish, warming started at 10° and in an- 
other one at 15°. Two fishes died be- 
tween 20°—25°, five between 25°—30° 
and one between 30°—35°. 


Results. 

Fig. 1 shows typical average 
electrocardiographic complexes from 
the various species at different tem- 
peratures. The amplitude of ECGs 
from frogs and fishes are increased 
fourfold in comparison to those of 
dogs and hedgehogs. The complexes 
within frames are those obtained at 
the animals’ “normal” temperature, 
when in full activity. From dog and 
hedgehog only lead II is represented. 
The leads from frog and fish are 
described in the text. 

The complexes drawn in fig. 1 are 
based on mean durations of P, P—R, 
QRS, Q—T and T and mean ampli- 
tudes of P, QRS and T. Only in 
frogs, at high temperature, was an 
exception made for the T wave. This 
was in some cases positive, in others 
negative, giving an isoelectrical mean, 
which, however, did not occur in any 
tracing. Here, we have depicted only 
the mean of the largest group, which 
was the positive one. 


The heart rate. 

As shown in fig. 2 C, in dogs there 
was a decrease in heart rate from 146 
beats/minute at 39° to 32 beats/min- 
ute at 19°. Depending on the degree 
of shivering, there was some initial 
increase in heart rate at the induc- 
tion of hypothermia. This factor prob- 
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ably explains some of the variations in values reported by other 
authors (Hook et al. 1941, Prec et al. 1949, Heanaver et al. 
1949, LANNEK 1949, HEGNAUER et al. 1950, BiGELow et al. 1950, 
Horwitz et al. 1953, CoHurRcHILL-Davipson et al. 1953). In our 
material, like in those of some other authors (BIGELOw et al. 1950, 
OsBorRN 1953), it was found that this initial increase was almost 
or completely abolished, when the dogs were in deep anesthesia. At 
lower temperatures the values given by most authors are more 
consistent and in good agreement to our findings. 

In hedgehogs, we observed that the increase in heart rate during 
awakening showed a steeper slope in the region 15°—22.°5. A 
similar observation was made on marmots by ENpREs et al. 
(1931), whereas Sarasas (1954) failed to observe any such phenom- 
enon in his four hedgehogs (of which only two were in natural 
hibernation), nor did CHATFIELD and Lyman (1950) find it in 
golden hamsters. The findings of Sarasas (1954), that the cor- 
relation between heart rate and temperature became less evident 
at lower temperatures than at higher ones was confirmed in our 
series. The absolute values at 7.°5 — 26 beats/min. — and at 32.°5 
— 181 beats/min. — are in good agreement with those of other 
authors (SaRagAs 1954, SUOMALAINEN et al. 1951). At the lowest 
temperature, 3°, we recorded a heart rate of 15 beats/min., but 
we also registered heart rates of 5—15 beats/min. at tempera- 
tures between 9° and 17°. 

The frogs showed an increase from 8 beats/min. at 5° to 61 
beats/min. at 30°. In only two frogs did the heart rate increase 
up to a temperature of 35°. In the others the heart rate again de- 
creased, in one case between 20° and 25°, in three cases between 
25° and 30° and in 6 cases between 30° and 35°. — The rate ot 
increase was irregular, and such maxima at 15° and 25° as de- 
scribed by TayLor (1931) were not observed. 

In fishes, there was an increase in heart rate from 19 beats/ 
min. at 5° to 71 beats/min. at 20°. In one case there was a turning- 
point already at 15°, in three others at 20° and in still two it 
came first at 25°. At all temperatures, our values are higher than 
those given by Brirron (1923—24) for different kinds of fish 
(elasmobranchii and teleostomi). The difference was greater with 
increasing temperature. 


Cardiac rhythm. 


Regular sinus rhythm was prevailing in the dog. In the two 
dogs, who were cooled to about 20°, there were frequent hetero- 
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tope ventricular premature beats as well as QRS complexes of 
varying shape, with P—R intervals of different duration. In this 
temperature range, we did not encounter ventricular fibrillation. 

In hedgehogs, sinus rhythm with an easily discernible P wave 
was prevailing between 15° and 25°. Below and above this range, 
P was often difficult to identify, and sinus arrhythmia was common. 

In fishes and frogs, P was sometimes difficult to identify. Ven- 
tricular premature beats were frequent at 35° in frogs, otherwise 
there were no indications in these species that the sinus rhythm 


was suppressed. 


The P wave. 

In the dog, the P wave all through the temperature range 
studied was positive and slightly notched. The amplitude, which 
was at 38° 0.40 mV — a value three times less than that given 
by Lannek (1949) for non-anesthetized dogs — rose to 0.55 mV 
at 30° and, then, again decreased, being at 20° 0.30 mV. 

The hedgehog’s P wave was sometimes very flat and difficult 
to ascertain, particularly at the lowest and highest temperatures 
(7° and 30°). There was often sinus arrhythmia. In the rapid phase, 
P was often positive, whereas it was isoelectric or negative in the 
slow phase. The amplitude was low in all instances, as an average 
0.05 mV. For this reason, the variations in amplitudes were not 
measured, as the errors must be quite big. This does also apply 
to frogs and fishes. The P wave in frogs was positive, with an 
average amplitude of 0.02 mV. In fishes, it was negative with the 
leads applied by us, and had an amplitude averaging 0.01 mV. 

With increasing temperature and heart rate, the duration of 
the P wave became shorter. In dogs, P had a mean duration of 
0.11 sec. at 20° as against 0.05 sec. at 38° — the latter value 
falling between those given by LANNEK (1949) and Horwitz 
(1953). In hedgehogs, the duration was 0.10 sec. at 7.°5 as against 
0.03 sec. at 30°; in frogs the corresponding values at 5° and 30° 
were 0.20 sec. and 0.07 sec. with a small increase at 35°, to 0.09 sec. 
In fishes, the duration was 0.08 sec. at 5° and 0.04 sec. at 25°. 

In five dogs of six, the P wave showed a deformity which ap- 
peared between 32° and 28° and again disappeared below 24°. 


This deformity (figs. 1 and 3) consisted in an initial notching of | 


the P wave, with an amplitude of 0.1 mV and a duration of 0.02 
sec. This deformity was most easily abserved in lead II, and was 
seen also at rewarming in two of the animals. 
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Fig. 3. A and B show ECGs from two adult human beings with a rectal tem- 
perature of about 30°. Note the “Osborn wave”, the long Q—T interval and the 
slow heart rate. — The figures show the second standard lead only. 

C shows the three standard leads of an ECG from a dog at a rectal temperature 
of 28°. The arrows show the initial notching of the P wave. Also note the well 

marked “Osborn wave” in leads II and III. 
The time distance between two heavy lines is 0.1 sec. 


P—R interval. 

As shown in fig. 2 B, the P—R interval always was prolonged 
with lower temperatures and slower heart rate. In dogs, the value 
at 38°, 0.09 sec., is in conformity with those given by most other 
authors (Hook et al. 1941, LANNEK 1949, HEGNAUER et al. 1950, 
BIGELow et al. 1950), whereas Horwitz (1953) gave a value of 
0.12 sec. At lower temperatures — about 22° — P—R was some- 
what shorter — 0.16 sec. — than values given by other authors 
(Hook et al. 1941, HEGNAUER et al. 1950, BigELow et al. 1950). 


> 
3 
| 


264 GUNNAR BIORCK AND BENGT JOHANSSON. 


In hedgehogs, the P—R interval in deep hibernation, at about 


7.°5, was 0.57 sec. which was a litcle longer than the figure given + 


by Sarasas (1954), although there was good agreement in heart 
rate at this temperature, whereas at 30°—35°, our value of 0.06 


sec. conforms to his. The P—R interval in frogs varied between ; 


1.38 sec. at 5° and 0.28 sec. at 30°. When the heart rate again 
slowed at 35°, the P—R interval again was increased to 0.38 sec. 


In fishes, P—R at all temperatures was lower than that of frogs: * 


0.40 sec. at 5° and 0.17 sec. at 25°. 

In hedgehogs, frogs and fishes, the P—R interval was always 
isoelectric. In dogs it was, as already observed by LANNEK (1949), 
often somewhat below the T—P line. 


The QRS complez. 

During cooling, the QRS complex in the dogs showed increased 
notching and, at lower temperatures, became successively wider. 
As shown in fig. 2 A the duration was at 38° 0.06 sec. and at 20° 
0.12 sec., which is in accordance with observations from other 
authors (Hook et al. 1941, LanneK 1949, Prec et al. 1949, 
HEGNAUER et al. 1950, BiGELow et al. 1950, Horwitz et al. 1953). 
At lower temperatures, the separation of the QRS and ST seg- 
ments became more difficult. In such cases, we have considered 
the point where a projection of the T—P level cuts the R or § 
wave as the end of the QRS complex. However, the so-called 
“Osborn wave’’ (see below) has always been considered as _be- 
longing to the S—T segment. 

In the hedgehogs, the same problem of separation occurred, 
and was solved in the same way. The duration of QRS was here 
at 7.°5 0.15 sec. and at 32.°5 0.03 sec., which is in accordance with 
those values given earlier (SARAJAS 1954). 

In frogs the corresponding values were: at 5° 0.12 sec. and at 
35° 0.04 sec. In fishes, the values were: 0.15 sec. at 5° and 0.04 
sec. at 25°. 

Hedgehogs, frogs and fishes did not show any increased notch- 
ing at lower temperatures. 


The amplitude of QRS in lead II (fig. 2 D) was not constant | 


in the dogs. However, a maximum was generally encountered be- 
tween 28° and 32°. 

In hedgehogs, in 7 of 9 animals, or altogether 11 times of 15, 
the QRS,, amplitude had a maximum of 1.65 mV at 22.°5 (ob- 
servation in late February). A minimum was observed at 7.°5 
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with an amplitude of 0.85 mV, and at 32.°5 with 1.25 mV. When 
the same determinations were made late in November, at the 
beginning of the hibernating period, only 3 out of 7 animals showed 
a similar phenomenon. 

In frogs and fishes, the QRS amplitude did not show any con- 
sistent tendency, but was always very much inferior to that of 
dogs and hedgehogs, generally around 0.1 mV. 

The form of the QRS complex in dogs varied considerably, par- 
ticularly with regard to the existence of Q and S waves. Hedge- 
hogs had either a QR or a RS complex. In frogs, likewise, com- 
plete QRS complexes rarely occurred. In fishes, most complexes 
may be termed QS, 7. e. one single, negative deflection was re- 
corded. 


ST—T pattern. 

In dogs, the ST—T pattern became disturbed at about 33°. The 
typical change was a small, positive wave immediately after the 
end of the QRS complex. It was seen earliest in lead II. Initially, 
its duration was 0.02 sec., but as the temperature decreased, the 
wave gained in duration and amplitude. This particular wave is 
already described by OsBorn (1953), who maintains, that it ap- 
pears at 25°. As stated, it was seen already at higher tempera- 
tures in our dogs. 

Apart from the “Osborn wave’’ there were several other dis- 
torsions of the ST—T pattern. Already after some few degrees’ 
cooling it became impossible to separate the ST segment and the 
T wave. They became fused into a slowly descending limb, which 
later on abruptly rose to the isoelectric level. This picture is 
similar to that described by BiGELow et al. (1950) in their dogs. 
Occasionally, this pattern was reversed, with a slow ascent to the 
isoelectric level. Sometimes there was a tray-shaped deformation. 
These changes were most obvious in leads II and III and often 
combined with an increased negativity of T, particularly below 
22°. When the cooling was not that low, similar patterns were, 
however, regularly observed during rewarming in the region be- 
tween 24°—30°. 


1 A similar wave was seen in the electrocardiogram from two adult patients, 
who were admitted to the department of Medicine, Allminna Sjukhuset, Malmé 
with a rectal temperature of about 30° (fig. 3). Their electrocardiograms also 
showed bradycardia with sinus or nodal rhythm, ventricular premature beats and 
a prolonged Q—T time. In a boy, aged 21/, years, who was operated on in hypo- 
thermia because of a cyanotic congenital heart disease, and was cooled down to 
27°, no “Osborn wave” was seen. 
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In the hedgehogs, the ST segment was, generally, not measur- 
able. In those instances, where a measurement was possible, which 
was most often at low temperature, they never exceeded 0.08 sec. 
The T waves did not show any negativity at lower temperatures. 
The changes in the T waves consisted of an increase of duration, 
from 0.09 sec. at 30° to 0.53 sec. at 7.°5, and a small variation in 
amplitude similar to that of the QRS,, amplitude: 0.18 mV at 
30°, 0.20 mV at 20° and 0.16 mV at 7.°5. Frequently, there was 
in the lower temperature ranges a minimal depression of the level 
immediately following T, lasting almost to the next P wave. 

In frogs, the duration of T was prolonged at low temperatures, 
being 0.07 sec. at 35° and 0.25 sec. at 5°. The appearance of T 
varied much, with positive, diphasic and negative T waves. 
Positive waves were more frequent at lower temperatures, whereas 
at 25° 5 animals had a negative T wave and 4 a diphasic one. At 
30°—35° T was frequently not seen, but when it was visible it 
was most often positive. In the temperature range of 30°—35° 
there were also deviations of the ST segment upwards in 2, and 
downwards in | animal. Otherwise, it remained at the isoelectric 
level. 

Also in fishes, T was wider at lower temperature: 0.07 sec. at 
25° and 0.15 sec. at 5°. T, that was always positive at low tem- 
peratures (i. e. discordant, as QRS was negative with the leads 
used), became negative at 25° in two animals, while it was posi- 
tive in one and could not be recognized in the others. The ST seg- 
ment was, generally, isoelectrical. 


Q—T interval. 

The variations in Q—T interval (fig. 2 E) showed the widest 
range of all the portions of the electrocardiogram. This was true 
for all animal species. 

The values in dogs — 0.21 sec. at 38° and 0.85 sec. at 20° —- 
are in agreement with those given by other workers (LANNEK 
1949, Horwitz et al. 1953, HEGNAUER et al. 1950, BIGELow et al. 


1950). 
In hedgehogs, the Q—T intervals at the extreme temperatures 
— 0.11 sec. at 32.°5 and 0.68 sec. at 7.°5 — were in agreement 


with those given by Sarasas (1954), while in the middle tem- 
perature range, our values exceeded his. 
In frogs, the Q—T interval was 2.36 sec. at 5° and 0.67 sec. at 
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25°. These values exceed the corresponding values for fishes 


which were 1.16 sec. at 5° and 0.18 sec. at 25°. 


Discussion. 


The changes in the electrocardiogram, that occur following 
great alterations of the body temperature, may be due to several 
factors. Different rates of cellular metabolism, variations in the 
activity of other enzymatic processes and of humoral transmittor 
substances as well as changes in electrolyte composition etc. may 
affect the electrical processes in the myocardium, of which the 
electrocardiogram gives an integrated picture. We deliberately 
abstain at this moment from the venture of a unifying interpreta- 
tion of our findings. 

However, the animals we have used in our studies, represent 
different classes among the vertebrates, having also a different 
way of responding to changes in environmental temperatures. 
Generally, increasing body temperature brings about an elevation 
of the heart rate. Obviously, this is not true above certain tem- 
peratures, beyond which life is increasingly disagreeable to poikilo- 
thermic animals like frogs and fishes. It was of interest to observe 
in our fishes, that the decrease in heart rate appeared at tem- 
peratures, where there was still an increase in respiratory move- 
ments. On some other fishes, however, Britton (1923—24) has 
observed a simultaneous reduction in respiratory and cardiac ac- 
tivity at about 28°. 

As for the various components of the electrocardiograms, we 
have already mentioned a peculiar change at the beginning of 
the P wave in dogs, different from the normal notching, as shown 
in figs. 1 and 3. At cooling of a pig, there was no initial elevation, 
but a rather sharp initial negative deflection of the P, of about 
the same amplitude and duration as in the dog. This change ap- 
peared at 25°. None of the patients with hypothermia previously 
mentioned did show any P wave deformity, but their body tem- 
peratures were not lower than 30°. 

The amplitudes of the different waves in the electrocardiogram 
varied somewhat irregularly in the frogs and fishes. The varia- 
tions in dogs and hedgehogs, however, were quite regular. The 
amplitude of QRS in lead II in dogs had its maximum between 
28° and 32°. This was also true of the P wave, whereas no such 
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differences were found for the T wave. BiaELow (1950) found a 
maximal amplitude at about 24°, below which temperature it in 
most cases decreased. We have found no other mention of this 
change. Ricuarps et al. (1953) found that the amplitude of all 
waves in the ECG increased when mice were exposed to cold, 
CrisMon (1944) has published corresponding results with rats. 

In hedgehogs, likewise, there was an increase in QRS and T 
wave amplitudes at awakening from hibernation in the spring, 
with a maximum about 20°. The change was more marked for 
QRS than for T. At awaking from hibernation in November, only 
3 hedgehogs out of 7 showed this variation. Sarasas (1954) found 
no noteworthy changes in amplitude in his hedgehogs at warming, 
which took place after two weeks’ natural hibernation, and in 
August, when he made them hibernate with insulin. 

The shape of the T v ve varied much. In fishes, it was very low 
and difficult to distinguish, and generally discordant at low, but 
concordant at higher temperatures. The opposite was more or 
less true for the frogs. The hedgehogs never showed any inversion 
of the T wave, whereas in dogs T became progressively negative 
as the body temperature was lowered, particularly so in the region 
of 20° (fig. 1). 

OsBorN (1953) has already described a change in the beginning 
of the ST segment in hypothermia, consisting of a positive, 
rounded wave immediately following QRS. This phenomenon, 
which we have called the “Osborn wave’, was found in six out 
of seven of our dogs, although already at 33° as against 25° in 
OsBorRn’s series. OSBORN attaches a serious prognostic importance 
to this finding. However, four dogs of six in our series had an un- 
complicated recovery. The “Osborn wave’ appears at a time, 
when ventricular excitability is increased, according to OrRIAs et 
al. (1950), as indicated by HEGNAUER (1954). 

The duration of the various components of the electrocardio- 
gram, individually and in relation to each other, varied much in 
the animal species studied. The heart rate was lower and P, 
P—R and Q—T intervals had a longer duration in frogs than in 
fishes at the same temperature, while the QRS was shorter. Q—T 
in % of R—R (fig. 2 F) was higher in frogs than in fishes. When 
the heart rate again decreased at higher temperatures, Q—T and 
consequently, Q—T in % of R—R, decreased in both frogs and 
fishes, while P and PR increased in duration in frogs but not so 
in fishes. 
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Fig. 4. Phonocardio- 
grams from hedge- 
hogs awakening from 
hibernation. In each 
figure the second and 
third standard leads 
and the phonocardio- 
gram is depicted. 
A) 12.5°. The second 
heart sound (II) 
begins 0.06 sec. after 
the end of T (y). 
QRS], amplitude 0.7 
mV. 

B) 22°. The second 
heart sound (II) 
begins 0.04 sec. be- 
fore the end of T(y). 
amplitude 1.5 
mV. 

C) 24°. The second 
heart sound (II) 
begins 0.08 sec. after 
the end of T (y¥). 
QRSir amplitude 1.1 
mV. 

The time distance 
between two heavy 
lines is 0.1 sec. 


In hedgehogs, the duration of P—R, QRS and Q—T increased 
considerably at lower temperatures. The rate of increase was most 
marked in QRS and QT in the temperature range of 12.°5—20° 
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and for P—R in the range of 7.°5—12.°5. In the region 12.°5—20° 
there was also a maximum of Q—T in % of R—R and of the 
amplitude of QRS,,, as well as a steeper increase in heart rate at 
warming. 


In this connection it may be mentioned, that phonocardiograms 
(fig. 4) from four hedgehogs during warming all showed certain in- 
teresting features: The intensity of the heart sounds increased with 
the temperature, and the first heart sound moved closer to the beginning 
of the QRS complex. When we calculated the distance between the 
beginning of the QRS complex and the beginning of the first heart 
sound — which distance averaged 0.15 sec. at 14° and 0.03 sec. at 29° — 
in per cent of the R—R interval — we found maximal values between 
16.°5 and 22°. The second heart sound appeared at low temperatures 
after the end of the T wave but with increasing temperature it moved 
closer to the first heart sound and preceded the end of the T wave. This 
happened at a temperature between 16.°5 and 22°. At a temperature 
between 22° and 25°, respectively, the second heart sound again moved 
behind the end of the T wave. — The distance between the first and the 
second heart sounds, 7. e. the mechanical systole — 0.28 sec. at 16° 
and 0.15 sec. at 29° — in per cent of the R—R interval showed maximal 
values between 15° and 22°. As shown in fig. 2 F also Q—T in per 
cent of R—R, 7. e. the electrical systole, showed a maximum in this 
temperature range. However, the relative magnitudes of the variations 
of Q—T/R—R and “first to second sound”’/R—R indicate that the 
electrical systole was comparatively longer than the mechanical systole 
in this temperature region. Above 22° there was a tendency to a re- 
versal of this condition and gradually the mechanical systole became 
the longer one, whereas below 15° the changes observed were not uni- 
form. The increase in heart rate was particularly steep (fig. 2 C) in the 
temperature range, where both mechanical and electrical systole were 
relatively prolonged. 

According to Hraeiin (1946, 1949), a shorter mechanical than 
electric systole, manifesting itself through a prolongation of the Q—T 
and the second heart sound moving towards the first sound, is an ex- 
pression of an “energetic-dynamic” circulatory insufficiency, due to 
disturbances of the myocardial metabolism. Clinically, this should 
occur in hypocalcemia, diabetic coma and some other intoxications. 
While such conditions are pathological, awakening from hibernation 
normally is a healthy procedure in a hedgehog, but it may of course 
be, that induced awakening in an animal that is not internally prepared 
to it, will give rise to somewhat pathological metabolic disturbances. 
— As a matter of fact, 15°—20° is the temperature range, in which 
ventricular fibrillation is most apt to occur during cooling of other 
homiothermic animals (BIGELow et al. 1950, Lynn et al. 1954, Ju- 
VENELLE et al. 1952). GRAUER and Heaerin (1946) and RicHarps et 
al. (1953) have, furthermore, shown that cooling in rabbits and mice, 
respectively, does not cause any movement of the second heart sound 
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towards the first heart sound. The same was true in experiments that 
we have performed on pigs. 


These studies, of necessity, are incomplete and do only touch 
on some interesting aspects of the influence of temperature. on 
the heart. From the comparisons made, however, emerges the re- 
markable power of adjustment that hibernators display as com- 
pared to other animals, homiothermic or poikilothermic. The 
secrets of hibernation in this respect may be found in the myo- 
cardium itself, in humoral agents acting upon it or in an integra- 
tion of the nervous control mechanism or at all these levels. 
Further attempts must be directed at all these targets. 


Summary. 


Electrocardiograms have been recorded for dogs, hedgehogs, 
frogs and fishes at different temperatures. The variations in heart 
rate, P—R interval, QRS complex, Q—T interval, and Q—T 
in % of R—R are presented in graphs. Some peculiar electro- 
cardiographic alterations, like the initial P wave disturbance and 
the “Osborn wave’, that appear during cooling are discussed in 
some detail. Some comparisons with electrocardiograms in human 


hypothermia are made. 


These investigations were aided by a grant from the Medical 
Research Fund of the Swedish Life Assurance Companies. 
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Using various methods based on colour reactions many authors 
have been able to show that there is a rise in portal cholate con- 
centration during the absorption of cholate from the small in- 
testine (GREENE, ALDRICH, ROWNTREE 1928, JOSEPHSON and 
Rypin 1936, JENKE and Grarr 1939). JosEPHSON and RyDIN 
did not find any bile acids in the lymph and concluded that the 
bile acids are transported via the portal veins. New possibilities 
of studying the problem of bile acid absorption have come up 
with the synthesis of carboxy-labelled bile acids (BERGsTROM, 
RoTTENBERG and VoLtz 1953). This paper reports some results 
on the intestinal absorption of labelled taurocholic acid in the rat. 


Experimental. 


Rats weighing 200—300 g were used. The main intestinal lymph 
duct was cannulated as described by Bouman et al. (1948). Bile 
fistulas were done according to BERGsTROM, SJOVALL and Vo.rz (1953). 
The animals were kept in restraining cages similar to those used by 
BoLLMAN et al. (1948). The lymph fistula animals had free access to 
food but as they sometimes developed diarrhea and were apt to drink 
excessively, they were given 0.64 per cent sodium chloride in restricted 
amounts. Animals with both lymph and bile fistulas almost never got 
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diarrhea and they had free access to food and 0.9 per cent sodium 
chloride. 

Labelled biosynthetic taurocholic acid was prepared by intraperi- 
toneal injection of 2 mg cholic acid-24-“C to a rat with bile fistula. 
The bile was collected and immediately frozen to — 16°C. The labelled 
material in this bile was taurocholic acid 98—99 per cent and glyco- 
cholic acid 1—2 per cent (NorMAN 1954). 2—3 ml of this bile together 
with !/,—1/, ml corn oil was given per os to the bile fistula animals at 
least 48 hours after the operation. The activity excreted in the bile 
fistula was followed by direct plating of bile on copper planchets placed 
on a hot plate. The copper planchets were changed each ten minutes. 
To follow the activity appearing in the lymph it was necessary to use 
the same method although an infinitely thin layer on the copper plan- 
chets could not be obtained. To get the lymph as evenly distributed 
as possible on the planchets the lymph drops were allowed to fall in a 
drop of water that was placed on the hot copper planchet. Extraction 
of the bile acids from the lymph was done with alcohol : ether 3: 1. 


Results. 


1. Rats having lymph and bile fistulas. 


Two rats having both a bile and an intestinal lymph fistula 
were given bile with labelled bile acids (between 20,000 and 30,000 
c.p.m.) per os. The activity very rapidly appeared in the bile 
and only traces of activity was found in the lymph (Table 1). 
The same rapid excretion in the bile was found in a rat that had 
only a bile fistula. 67 per cent was excreted during the first hour 
and 29 per cent during the second hour after the administration 
per os of 3 ml/C/bile + 0.5 ml corn oil. 

Fig. 1 shows the recovery of radioactivity in bile and lymph 


Table 1. 


Recovery of bile acids in bile and intestinal lymph after administration 
per os of bile containing labelled bile acids 20,000 to 30,000 c.p.m. (mainly 
as taurocholic acid). 


Per cent of administered dose 


recovered in 
Days after 


Rat Given per os 


0 
operation Bile Lymph 
—1 hr. hr. 
GLR 1 8 3 ml/#C,bile + 0.5 ml 70 17 1 
corn oil 
GLR 2 2 2 ml/*C/bile+0.25 ml 80 5 0.1 
corn oil 


TY 


P 
ER CENT OF ADMINISTERED ACTIVI 


Fig. 1 


in re 
excre 
trati 
fistul 

Fa 
days 
times 


activi 
19— 


IN 
’ 
come 
A 
conta 
and 


INTESTINAL ABSORPTION OF TAUROCHOLIC ACID IN THE RAT. 275 


% 
20- 

> 

> 

= > 

= 5 

oak 
Way 
Wi > 

= 
ze] 
<= 
a 

Le 
ox 
055> 
= ro) 
WO 
og ow 
or 

WW 
a. a 


50 100 MIN. 


Fig. 1. Activity recovered in the bile and the lymph of a rat given bile with la- 
belled bile acids per os. Bile (1, lymph Z. 


in rat GLR 1. As was the case with rat GLR 2 the maximum 
excretion occurred between 20 and 30 minutes after the adminis- 
tration of bile and this was true for the excretion through both 
fistulas. 

Faeces from rat GLR 2 (Table 1) was collected during the three 
days following the administration of bile and after refluxing three 
times for 2 hours with boiling ethanol the activity was measured 
on a suitable aliquot of the extract. The activity that had not 
come out in the bile and lymph was recovered in the faeces. 


2. Rats having only the intestinal lymph duct cannulated. 


A rat having an intestinal lymph fistula was given 0.4 ml bile 
containing labelled biosynthetic taurocholic acid (664,000 c.p.m.) 
and 0.25 ml corn oil per os 72 hours after the operation. The 
activity in the lymph was measured (fig. 2) by direct plating of 

19—553010. Acta phys. Scandinav. Vol. 34, 
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ten minute fractions 0—2.5 hours and 6—8 hours after the ad- 
ministration. The lymph portions between 2.5 and 6 hours and 
between 8 and 24 hours were extracted with alcohol : ether 3: 1 
and a suitable aliquot was plated (0.2 mg fat per sq. cm of the 
copper planchet; BerastRéM, BLomstranD and Borestrbm 
1954). It is seen that very small amounts of bile acids were ex- 
creted continuously in the lymph fistula. 


% 
Q4-> 


nN 


PER CENT OF ADMINISTERED ACTIVITY 
RECOVERED IN THE LYMPH 


T T 


tT 
5 10 5 20 25 HOURS 


Fig. 2. Activity recovered in the lymph of a rat given bile with labelled bile acids 
per os. 


Discussion. 


After administering the bile from a rat that had been given 
cholesterol-4-“C to a rat with lymph fistula SipERSTEIN et al. 
(1952) could recover only 2—8 % of the given activity in the 
lymph. When labelled cholesterol is given to bile fistula rats the 
major part of the activity excreted in the bile is found as bile 
acids (see for example BercstrOm 1954), a minor part is, how- 
ever, found in the unsaponifiable fraction and this part probably 
accounts for the activity found in the lymph by SrrerstTEn et al. 
Our results show that only minute amounts of the taurocholic 
acid appear in the intestinal lymph. That the activity recovered 
in the lymph was taurocholic acid is made very probable by the 
fact that taurocholic acid remains practically unchanged during 
the entero-hepatic circulation (Ss6vaLL, to be published). Prac- 
tically no splitting of the conjugation takes place in the small 
intestine by the action of bacteria or pancreatic enzymes. 

The absorption takes place very rapidly as has already been 
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shown by GREENE et al. (1928) in bile fistula dogs. No conclusions 
as to the time of entero-hepatic circulation of the bile acid mole- 
cules can, however, be drawn by these experiments, because of 
the abnormal state which is induced by the continuous with- 
drawal of all the bile acids formed by the liver. 

The maximum of the activity appearing in the lymph coin- 
cides with the maximum excretion in bile. This would indicate 
a leakage of bile acids between the blood and the lymph as pos- 
sibly occurs with the serum proteins (BorGsTRéM and LAURELL 
1953). In rats with lymph fistulas there is also a continuous loss 
of very small amounts of bile acids in the lymph as would be 
expected when the bile acids are continuously absorbed from the 
intestine and reexcreted in the bile. 


Summary. 


The intestinal absorption of biosynthetic taurocholic acid 
labelled in the cholic acid part has been studied in animals with 
bile and lymph fistulas. 

The absorption was very rapid and most of the administered 
activity was excreted in the bile during the first hour. Practically 
no taurocholic is transported via the lymph vessels since only 
traces of activity were found in the intestinal lymph. 


The technical assistance of Mrs. Ann-Mari Andersson is grate- 
fully acknowledged. 

This work is part of an investigation supported by grants from 
the Medical Faculty of the University of Lund and “Knut och 
Alice Wallenbergs Stiftelse’’. 
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Intestinal Absorption of Cholanie Acid 
in the Rat. 


Bile Acids and Steroids 27. 
By 
JAN SJOVALL and INGRID AKESSON. 
Received 7 March 1955. 


The long chain fatty acids are transported almost quanti- 
tatively as triglycerides via the lymphatic pathway after they 
have been absorbed from the small intestine. Taurocholic acid 
after absorption is carried to the liver with the portal vessels 
(Jos—EPpHsSsoN and Rypin 1936) and only traces of activity are 
found in the intestinal lymph when labelled taurocholic acid is 
administered per os (SJOvALL and Axesson 1955). It was there- 
fore of interest to study the absorption of the unsubstituted 
cholanic acid, an acid with solubility properties similar to those 
of the long chain fatty acids but with the bile acid ring structure. 


Experimental. 


The cholanic acid-24-“C used was material synthesized by Brre- 
STROM, RoTTENBERG and (1953). 

Male rats weighing 200—300 g were used. The main intestinal lymph 
duct was cannulated as described by BoLiman et al. (1948). Bile 
fistulas were done according to Berastrém, SsévaLL and VoLtz 
(1953). The animals were kept in restraining cages of a type similar 
to that described by Botiman et al. (1948). Animals having only a 
lymph fistula were given a solution of 0.64 per cent sodium chloride; 
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animals having both a bile and a lymph fistula were given 0.9 per 
cent sodium chloride. All animals had free access to food. 

24—48 hours after the operation, the rats were given the labelled 
cholanic acid dissolved in 0.25 ml corn oil by gastric intubation under 
a light ether anesthesia. Animals having a bile fistula were given 
2 ml of their own bile in addition. The bile was collected in ethanol 
and the activity was determined by direct plating of a suitable aliquot. 
The lymph was collected in a flask at room temperature. 

The lymph samples were immersed in a twentyfold amount of 
ethanol : ether 3:1, boiled, filtered, evaporated in vacuo and the 
lipids extracted with several portions of chloroform. The chloroform 
extract was dried over anhydrous sodium sulphate, evaporated in 
vacuo and weighed. The lipids were dissolved in a suitable volume of 
chloroform and the activity determined by plating an aliquot giving 
about 0.2 mg fat per sq. cm of a copper planchet. In some instances, 
the activity was followed at ten minutes intervals by direct plating 
of bile and lymph. Infinite thinness of lymph on the copper planchets 
could not be obtained but the lymph was allowed to fall in a water 
droplet that was placed on the planchet in order to get the lymph 
as evenly distributed as possible. Separation of lymph lipids was done 
according to Borastr6m (1952 a, b). 


Results. 


Absorption of cholanic acid in the intact rat. 


The determination of the amount of cholanic acid absorbed 
in the intact rat after administration of cholanic acid-24-"C 
per os presents some difficulties. At the same time as unab- 
sorbed activity appears in faeces the absorbed part is taken up 
by the liver and excreted in the bile whereby some of this part 
is lost via the faeces. It has been shown, however, that in ani- 
mals with bile fistulas the main part of the activity appearing 
in faeces after peroral administration of cholanic acid-24-"C is 
unchanged cholanic acid. (BERGSTROM and SJs6vaLtL 1955.) At 
the same time it was shown that cholanic acid after intraperitoneal 
administration is excreted in the bile mainly as compounds more 
polar than cholanic acid. These compounds are conjugated with 
taurine in the bile but in the intestinal tract the conjugation 
is split by the action of intestinal bacteria. These facts make it 
possible to determine the amount cholanic acid which has not 
been absorbed by the determination of unchanged cholaniec acid 
in faeces after separation of the acids with reversed phase 
chromatography (BERGSTROM and SJ6vaLL 1951, 1953). 
A simpler method, however, giving an approximate estimation 
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Table 1. 
Estimation of intestinal absorption of cholanic acid in the intact rat. 


“Cholanic acid’? = Petrol ether phases; “Hydroxy acids” = ethanol phases (see 
text). Cholanic acid absorbed = 100—percentage of “cholanic acid” in faeces. 


Per cent of administered activity excreted in 
faeces as “cholanic acid” (Ch) and “hydroxy 


acids” (Hy) during day Approximate amount 
Rat no. of cholanic acid 


1 2 3 4—5 absorbed. Per cent 


16 1; 13 61 
3 9 3B 15 72 
15 15 14 1; 13 1 7 76 


of the amount of unchanged cholanic acid in the faeces is to 
perform a two stage counter-current distribution of an acidified 
faeces extract between petrol ether and 70 per cent ethanol. 
The cholanic acid will stay in the petrol ether phase and the 
more polar acids in the ethanol phase although some mixing of 
the acids will occur. This method was used for the determination 
of the intestinal absorption of cholanic acid in the intact rat 
(Table 1). The rats were given about 1 mg of cholanic acid-24-"C 
in 0.25 ml corn oil by gastric intubation. Faeces was collected 
each day and refluxed twice for 2 hours with boiling ethanol. 
In the counter-current procedure 100 ml of each phase was used 
and the activity of the phases was determined by plating an 
amount giving 0.2 mg sq. cm of a copper planchet. Approximately 
70 per cent of the administered amount was absorbed. 


Rats with the intestinal lymph duct cannulated. 


Four rats having the main intestinal lymph duct cannulated 
were given 0.5—1 mg cholanic acid-24-"“C dissolved in corn oil. 
Table 2 shows that the percentage of the administered dose 
found in the intestinal lymph is very low. Although conclusions 
are drawn from these figures it must be realized that the fat 
absorption in lymph fistula rats may differ somewhat from that 
in intact rats. The lymph lipids were separated after extraction 
of the lymph. The percentage for the fat fractions of the total 
amount of radioactivity found in the lymph was found to be: 
Phospholipids 15—18 per cent, glycerides 26—61 per cent and 
free acids 22—56 per cent. As the lymph, however, had not been 
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Table 2. 


Recovery of cholanic acid-24-4C in the intestinal lymph after administra- 
tion per os. 


Per cent of administered Per cent of the ad- 
Sacrificed 


Rat no. dose found in the ministered dose 

after 

ymph found in faeces 
18 hours 6 20 
22 7 29 
3 days 3 40 
1. 3» 3 173 


1 This rat developed a slight diarrhea. 


frozen immediately after collection the free acids found might 
have been formed through autolysis and too much importance 
must not be attached to these figures. 


Rats having both the main intestinal lymph duct and the bile duct 
cannulated. 

As the recovery of cholanic acid in the intestinal lymph was 
very low, two animals with both a lymph and a bile fistula were 
given labelled cholanic acid to estimate the proportion between 
the amount of activity recovered in the lymph and the amount 
recovered in the bile (Table 3). The animals were given 2 ml 
of their own bile together with the fat mixture. The amount of 
cholanic acid absorbed was low compared with the values for 
the normal rats. Fig. 1 shows that the excretion of activity in 
the bile is very slow. This must mean that the absorption takes 
place very slowly since it has been found that when the cholanic 
acid is administered intraperitoneally it is excreted very rapidly 


Table 3. 


Recovery of activity in rats having both a bile duct fistula and a lymph 
duct fistula after administration of cholanic acid per os. 


Per cent of ad- 
ministered ac- 
tivity found in 


Per cent of ad- 


Te: Total amount of 
ministered ac- 


Rat Sacrificed administered 


after tivity found in 
activity recoverec 
Lymph Bile 
GLR 3 3 days a 123 70 95 
GLR 4 a) 3 25 73 10 


1 Per cent excreted during the first 30 hours. 
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Fig. 1. Activity recovered in bile and lymph after administration of labelled 
cholanic acid. 


GLR 3: bile (@) lymph (0) (see Table 3). 
GLR 4: bile (@) lymph (0). 
Rat having only a bile fistula: bile (a). 


in the bile as more polar compounds conjugated with taurine 
(BercstROM and Ss6vaLL 1955, Norman 1954). In fig. 1 there 
is also shown the excretion of activity in the bile of a rat having 
only a bile fistula and given the same amount cholanic acid as 
the animals having both a lymph and a bile fistula. It must be 
emphasized that in animals with bile fistulas the fat absorption 
is abnormal (see discussion). 


Discussion. 


After absorption from the small intestine the long chain fatty 
acids are transported via the lymphatic pathway. With decreasing 
chain length more of the acids are transported in the portal 
blood; of an absorbed amount of decanoic acid only 5—19 per 
cent is found in the lymph (BLoom, CuatkorFr and REINHARDT 
1951) mainly in the glyceride fraction (BLOMSTRAND 1955). This 
indicates that the way of transport after absorption partly is 
determined by the solubility properties of the acid, more hydro- 
philic acids thus being transported mainly in the portal blood. 
Our results, however, indicate that the solubility properties of 
the acid are not the only factor governing the route of transport 
after the absorption, since cholanic acid is a very lipophilic acid 
similar to long chain fatty acids in solubility properties and yet 
this compound is not transported appreciably via the lymph. 

Borestr6m (1954) has studied the in vitro incorporation of 
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different fatty acids into glycerides during hydrolysis by rat- 
pancreatic juice. He found that cholanic acid was incorporated 
only to a very small extent as was also the case with cholic acid 
and butyric acid. The possibility of this being another factor 
governing the route of transport was discussed. Decanoic acid, 
however, was incorporated to the same extent as oleic acid. As 
the fat soluble cholanic acid was practically not incorporated 
into the glycerides it was concluded that there might exist an 
enzyme specificity which does not allow the incorporation of this 
bile acid structure into glycerides. This would agree well with 
the finding that cholanic acid is absorbed via the intestinal lymph 
only to a minor extent. 

BercstroOM, BorGstrOM, TRYDING and WestT66 (1954) have 
shown that 2,2-dimethylstearic acid is absorbed mainly via the 
lymph as triglyceride. A minor part is found in the lymph as 
free acid (BLOMSTRAND and Trypine 1955) and the acid can 
also be found to an appreciable extent in the portal blood (BLom- 
STRAND and TrYDING 1955 b). Berestr6m et al. found that the 
acid was not appreciably incorporated into glycerides by the 
action of ratpancreatic juice in vitro. It has also been shown 
(BLoMsTRAND and TrypDING 1955 a) that the acid remains free 
in the intestinal content in contradistinction to the unsubstituted 
long chain fatty acids. Still, after absorption, 2,2-dimethylstearic 
acid is found mainly in the glyceride fraction in the lymph. 
These results indicate that the glycerides have been formed in 
the intestinal wall by enzymes which are not hindered by the 
two methyl groups. Such a glyceride formation probably does 
not occur to any greater extent with the cholanic acid as it is 
mainly absorbed via the portal vessels where probably the lower 
fatty acids occur mainly as free acids as has been shown for 
decanoic acid (BorastrémM 1955). Determination of the activity 
in different fat fractions in the lymph after administration of 
labelled cholanic acid showed that a small incorporation of 
cholanic acid into glycerides did take place but as the amount 
of cholanic acid transported in the lymph is very small the total 
incorporation into glycerides will be extremely small. 

It would seem as if the route of transport of fatty acids after 
absorption in normal animals is partly determined by the solu- 
bility properties of the acid, partly by enzyme specificity. De- 
canoic acid is transported in vena porta in spite of the easiness 
with which it can be incorporated into the glycerides, and there 
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are enzymes in the intestinal wall that can incorporate the 
sterically hindered and more hydrophobic dimethyl stearic acid 
into the glycerides and allow transport of this acid in the lymph. 
That the structure of the acid is also of importance is shown 
in the case of cholanic acid which is transported mostly in the 
portal vessels. It is possible that the enzymes can not incorporate 
this acid into glycerides and that steric factors preclude the 
formation of cholanic acid glycerides. 

In the absence of bile the mechanism of fat absorption is 
changed (SIPERSTEIN, CHAIKOFF and REINHARDT 1952, Bore- 
strROM 1953). Our results have shown that less cholanic acid 
was absorbed in the bile fistula animals than in normal animals. 
In our experiments the fat was given together with two ml bile 
but it is not clear whether the refeeding of this small amount 
of bile had any marked effect on the fat absorption in bile fistula 
rats. The bile acids were presumably very rapidly absorbed and 
excreted in the bile. 


Summary. 


The intestinal absorption of cholanic acid-24-“C in rats has 
been studied. In the normal rat about 70 per cent of an ad- 
ministered amount is absorbed. In the rats with lymph fistulas 
3—7 per cent of the activity was found in the lymph. 

The amount of cholanic acid absorbed in rats having both a 
bile duct and a lymph duct fistula was less than in normal rats. 
About 10 per cent of the absorbed activity was found in the 
lymph, 90 per cent was excreted in the bile. 

Factors governing the route of transport after intestinal ab- 
sorption of fatty acids have been discussed. 


The technical assistance of Mrs. Ann-Mari Andersson is grate- 
fully acknowledged. 

This work is part of an investigation supported by grants 
from “Knut och Alice Wallenbergs Stiftelse” and the Medical 
Faculty of the University of Lund. 
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Metabolism of Desoxycholic Acid in the Rabbit. 
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It has been shown that desoxycholic acid is converted to cholic 
acid in the rat (BERGSTROM, RoTTENBERG and SJ6vALL 1953). 
The rat bile does not contain detectable amounts of desoxycholic 
acid (< 2 per cent of total bile acids; BerGstr6m and SJ6vALL 
1954) and it would probably be hydroxylated to cholic acid very 
rapidly if it were present. Therefore it is of interest to study the 
metabolism of desoxycholic acid in an animal where cholic and 
desoxycholic acids are present at the same time. In the rabbit 
the two acids occur together (desoxycholic acid predominating) 
conjugated mainly with glycine. (OKAMURA and OKAMURA 1930, 
Sekitoo 1931, Kisu1 1936.) 


Experimental. 


White albino rabbits weighing 2—2.5 kg were used. The gall bladder 
was removed and a polythene cannula was inserted into the common 
bile duct. It was found very difficult to avoid a peritoneal irritation 
with minor infectious foci during the operation and the rabbits proved 
to be very sensitive and some animals died shortly after the operation. 

After receiving the labelled acid intraperitoneally or intravenously 
as sodium salt in saline the rabbits were placed in cages of a type 
similar to that used for rats (BERGSTROM, Ss6vALL and Vo.itz 1953) 
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so that they could get greatest possible freedom without being able 
to remove the cannula. The animals had free access to food. The bile 
was collected in ethanol and small aliquots were plated on copper 
planchets (less than 0.2 mg per sq cm) for the determination of ex- 
creted activity. 

Desoxycholic acid-24-“C was the material synthesized by Brrc- 
stROM, RorreNBERG and VotrTz (1953). Extraction of the bile acids 
excreted through the bile fistula was done with butanol according to 
NorMAN (1954). Reversed phase partition chromatography of con- 
jugated bile acids has been described by Norman (1953). In some 
cases the conjugated bile acids were hydrolyzed in 1 N sodium hydrox- 
ide at 110° for 5 hours and after acidification and ether extraction 
the free acids were separated with reversed phase partition chromato- 
graphy (BEeRGsTROM and SJ6vALL 1951, Sy6vaLL 1953). Determination 
of the activity of the fractions from the chromatographies was done 


as described by BerGstrOM, and (1953). 
Paper chromatography of bile acids was carried out according to 
SJGVALL (1952, 1954) and HastEwoop and (1954). 


Results. 


A. Chromatographic analysis of rabbit bile. 


The bile from a fistula was collected in alcohol during a period 
of approximately 20 hours. The alcohol was evaporated in an 
open dish on a steam bath and the bile solids were dissolved in 
water, acidified and extracted with butanol. Fig. 1 shows the 
titration curve of this extract run with reversed phase partition 
chromatography using phase system C (Norman 1953). The 
fractions containing the front band (180—400 ml effluent) were 
combined and evaporated. 1 mg was run on an ascending paper 
chromatogram using amylacetate : heptane 85:15 as moving 
phase and 70 % acetic acid as stationary phase (both phases 
equilibrated before use) (Ss6vaL~ 1955). After spraying with 
phosphomolybdic acid three spots were visible, one very weak 
running slightly slower than taurocholic acid, one running as 
taurodesoxycholic acid, and the third and strongest running 
somewhat slower than taurodesoxycholic acid and not quite 
separated from this acid. The spots may not necessarily be bile 
acids, since phospholipids for example can give the colour with 
phosphomolybdic acid (see also section for metabolism of des- 
oxycholic acid). 

The second band corresponding to glycocholic acid (B, 560— 
780 ml effluent) on paper chromatography only showed one spot 
at the same place as glycocholic acid. 
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The fractions of peak C (1,700—2,600 ml effluent) were com- 
bined and evaporated and the residue was extracted with butanol 
after acidification in the usual way. To remove the bromothymol 
blue the acid was run on a new column using phase system C 
and its position localized using the phosphomolybdiec acid spot 
test. The fractions containing the acid were combined, the sol- 
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Fig. 1. Chromatography of the butanol extract of unhydrolyzed bile excreted 
during a period of 20 hours. Column 72 g hydrophobic Supercel. Phases. Type C 
(see text). 


vents evaporated and the residue dissolved in ethanol. After 
addition of water to turbidity glycodesoxycholic acid crystallized 
in needles. (Melting point 183—184°, no depression with authentic 
glycodesoxycholic acid.) Descending paper chromatography of 
the crystals using isopropyl ether: heptane 60:40 as moving 
phase only gave one spot at the place for glycodesoxycholic acid. 
Paper chromatography of the mother liquor in the same way 
revealed two unidentified spots running very close to and not 
quite separated from glycodesoxycholic acid. No glycochenodes- 
oxycholic acid was found. On direct paper chromatography of 
rabbit bile no free bile acids could be detected. 


B. Fate of intraperitoneally administered desoxycholic acid 24-4. 


A rabbit with a bile fistula was given 2 mg desoxycholic acid- 
24-4C 24 hours after the operation. Using a fraction collector 
the bile was taken at 10 minute intervals. Each fraction was 
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Fig. 2. Isotope excreted through bile fistula following intraperitoneal administra- 
tion of 2 mg labelled desoxycholic acid. 


made up to 10 cc with 80 % ethanol and 0.2 ml were plated 
on copper planchets for determination of activity. Fig. 2 shows 
the excretion of activity in the bile. This excretion is very slow 
compared with the curves obtained for rats given bile acids 
intraperitoneally. Probably the desoxycholic acid has been badly 
absorbed from the peritoneal cavity possibly as the cause of 
peritoneal irritation after operation. The rabbit died 6 hours 
after the injection of the bile acid. At autopsy only a small 
peritoneal irritation just below the liver could be found. The 
liver was ground in a Waring Blendor and refluxed on a water 
bath for two hours with three portions of ethanol. The activity 
of the extracts was determined. 48 % of the given amount had 
been excreted in the bile and 3.5 °% was found in the liver. 
The acids in the bile were extracted with butanol (NoRMAN 
1954) and subjected to reversed phase partition chromatography 
in phase system C (NorMAN 1953). The result is shown in fig. 3. 
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Fig. 3. Chromatography of butanol extract of unhydrolyzed bile excreted during 
6 hours following intraperitoneal administration of 2 mg desoxycholic acid-24-"C. 
Phases: Type C. 


Most of the activity is present in the “glycodesoxycholic acid 
band”. The fractions from this band were combined. Paper 
chromatography (ascending with isopropyl ether: heptane 75 : 25 
as moving phase) showed only one spot of activity at the place 
for glycodesoxycholic acid. After butanol extraction of the residue 
75 mg glycodesoxycholic acid was added as inactive carrier. Six 
recrystallizations from different solvents did not change the 
specific activity of the acid. 

Approximately 4 per cent of the total activity came with the 
front and a paper chromatogram with the taurine system (SJ6- 
VALL 1954) was run. The activity appeared at the same place 
as taurodesoxycholic acid. Reversed phase partition chromato- 
graphy with butanol/water, however, revealed some inhomogenity 
of the material and further work has to be done to clear up the 
identity of this peak of activity. 
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bo 
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About 10 per cent of the activity was found to be less polar 
than desoxycholic acid. This has not been found in any of the 
other experiments and possibly there has been a bacterial action 
on the acid in the abdominal cavity before the resorption (see 
for example Scumipt, HuGHEs et al. 1942). 

Finally it can be observed that no activity appears in the 
well-defined “glycocholic acid band” (50—100 ml effluent). 
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Fig. 4. Isotope excreted through bile fistula following intravenous administra- 
tion of 1.45 mg desoxycholic acid-24-™C. 


C. Desoxycholic acid-24-“C intravenously. 


To avoid a possible contact with bacteria into the abdominal 
cavity labelled desoxycholic acid was administered to two rabbits 
by intravenous injection. 

One of the animals was injected 24 hours after the bile fistula 
operation with 1.45 mg desoxycholic acid. The excretion in the 
bile was measured and is shown in fig. 4. The activity appeared 
much faster than after the intraperitoneal administration. Each 
of the ten minutes fractions was dried and 0.2—0.7 mg of the 


dry substance was subjected to ascending paper chromatography 
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with isoprophylether : heptane 75 : 25 as moving phase. Only one 
spot of activity corresponding to glycodesoxycholic acid appeared. 
Small amounts of activity at the starting point (“tauro-spots’’) 
could be detected on some of the chromatograms. No free acid 
and no glycocholic acid could be found. All the fractions were 
combined and hydrolyzed and the free acids separated with 
reversed phase chromatography using 55 per cent methanol as 
moving phase and chloroform: heptane 9: 1 as stationary phase. 
Activity appeared only at the place for desoxycholic acid and 
recrystallization with unlabelled desoxycholic acid gave the fol- 
lowing results: 


Weight of Crystallized from “>= 
crystals per mg 

2 66 » 773 
3 44 » Ethyl acetate/petrol ether ............. 748 


The other rabbit was injected with 5 mg of the labelled des- 
oxycholic acid 3 hours after the operation. 88 per cent of the 
activity was excreted in the first six hours and after 18 hours 
practically all activity had come out in the bile. Chromatography 
of the bile acids in system C (NorMAN 1953) gave exactly the 
same distribution of the activity as shown in fig. 2. No free acids 
were present and 6 recrystallizations of the “glycodesoxycholic 
acid band” with unlabelled glycodesoxycholic acid did not change 
the specific activity. 


Discussion. 


It is clear from the results that desoxycholic acid does not form 
cholic acid at the same rate in the rabbit as in the rat. In our 
experiments, however, the desoxycholic acid has only gone through 
the liver once and if a very small undetected conversion to cholic 
acid takes place this would give rise to more cholic acid after 
each passage through the liver in the entero-hepatic circulation. In 
that case, however, almost no cholic acid should be present in the 
bile when the preformed bile acids have been drained out through 
the bile fistula for the 24 hours preceding the experiment. The 
glycocholic acid titration peak in the chromatogram is, however, 
still present. 
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The results on the conjugation give aauitional evidence for : 
the absence of free bile acids in the normal bile (AHRENS and 
Crate 1952, Norman 1954). 


Summary. 


The bile acids in rabbit fistula bile have been studied with 
paper chromatography and reversed phase partition chromato- 
graphy. 

The fate of administered desoxycholic acid-24-“C has been 
studied. The major part of the acid is excreted in the bile as} 
glycodesoxycholic acid. No transformation to cholic acid has 
been found to take place. 
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